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Introduction
The discovery of the Higgs boson at the LHC in 2012 represents a ma-
jor step in our understanding of fundamental interactions. Moreover, the
newly-discovered particle can be seen as a promising "tool" to look for new
phenomena. Specifically, this thesis focuses on high mass resonances decay-
ing to Higgs pairs.
The search presented in this thesis aims to be as much as possible model
independent. Nevertheless, the results can be interpreted within several
New Physics models. Among those, two possible scenarios are the Randall-
Sundrum Radion and massive KK-Graviton productions in Warped Extra
Dimensions. Other well motivated scenarios featuring a heavy CP-even scalar
decaying to Higgs pairs are the Next-to-Minimal Supersymmetric Standard
Model and the Twin Higgs model.
The analysis target is a narrow width di-Higgs resonance with both Higgs
bosons decaying to b quarks, in the highest possible mass range detectable at
the LHC (above ∼ 1 TeV). Despite the large QCD multi-jet background, the
bb¯bb¯ final state has shown the best sensitivity overall for resonance masses
& 400 GeV in the LHC Run 1 searches, but no evidence of signal.
Depending on the resonance mass, the kinematic distributions of the
decay products vary substantially. A high mass resonance is expected to
produce two energetic Higgs bosons, so that the b quarks produced from
their decay are collimated along the direction of motion of the bosons. As
a consequence, the hadronization products of a pair of narrowly separated
b quarks can be reconstructed as a single large jet. Boosted Higgs bosons
decaying to b-quark pairs can be distinguished from the QCD multi-jet back-
ground exploiting the jet substructure and through a dedicated b-tagging
algorithm. On the other hand, at lower masses the Higgs boson momentum
is lower, so that four resolved b-jets are reconstructed.
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The transition region between the boosted topology and the resolved
topology has never been studied in detail. It is addressed for the first time as
a part of this thesis matching one large Higgs jet to a pair of unmerged b-jets.
The analysis has been carried out on 2.7 fb−1 of proton-proton collision
data recorded by the CMS experiment at the LHC at a center of mass energy
of 13 TeV during 2015. The benchmark signal process used to design the
analysis strategy is the spin-2 Bulk Graviton with negligible natural width. A
data-driven estimation of the background, which minimizes systematic uncer-
tainties that might arise from poorly-understood QCD multi-jet backgrounds
in the simulation, has been employed.
As no signal evidence has been detected, upper limits on the production cross
section of the benchmark resonance in the mass range 600-3000 GeV are
presented. The event reconstruction addressing the transition region has
been found to improve the sensitivity of ∼15-20%.
The present thesis is organized in six main chapters. In chapter 1, after
a reminder of the Standard Model and of the most recent Higgs properties
measurements, an overview of the most prominent Beyond Standard Model
scenarios featuring di-Higgs resonant production is given. The second chap-
ter focuses on the main features of the CMS detector at the LHC and on
general aspects of the event reconstruction.
In the third chapter emphasis is given to jet substructure techniques,
which allow to separate hadronically decaying heavy boosted objects re-
constructed from QCD multi-jet background, and to b-tagging algorithms.
Notably, a new b-tagging algorithm designed to tag bb¯-jets originating from
H or Z0 decays, has been exploited for the first time at analysis level in this
search.
As a starting point for the analysis the state of the art of the research for
resonant di-Higgs production is summarized in chapter 4. Greater attention
is devoted to the Run 2 CMS HH→ bb¯bb¯ analysis in the resolved regime, as
it naturally complements the search presented thereafter.
Chapter 5 focuses in the more technical aspects of the search: first the two
main signal signatures are described. Two main topologies are considered,
resulting in two complementary analyses.
• The boosted analysis, addressing the fully boosted topology, has been
performed having the Run 1 boosted analysis as a reference point and
its result are currently being reviewed inside the CMS collaboration.
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• The semi-boosted analysis, addressing the transition region between
the boosted and the resolved regimes, has never been performed before
and it represents the most original part of this thesis. The results look
promising anyway, and the analysis is set to be added to the Run 2
CMS searches.
The details on the offline selection, the data-driven background estimate
technique employed and the statistical methods used for the signal extraction
are summarized in this chapter.
Chapter 6 contains the final results of this search. No evidence of signal
has been detected, hence upper limits at 95% CLS are provided. The results
are given for both analyses individually and in combination.
The most relevant aspects of this thesis are briefly summarized in the last
chapter, together with an outlook on the next data-taking periods.

1
Standard Model Higgs and Beyond
The Standard Model of particle physics represents one of the greatest
achievements in modern physics. It was first proposed more than 40 years ago
and it has been tested accurately and successfully in a variety of experiments.
With the discovery of the Higgs boson at the LHC, all of the particles in the
Standard Model have now been observed. However, several arguments lead us
to believe that our comprehension of fundamental physics is far from complete.
Looking beyond the Standard Model, the newly-discovered Higgs boson can be
seen as a promising "tool" to uncover new phenomena. Specifically, this thesis
focuses on high mass resonances decaying to Higgs pairs.
After a brief overview of the Standard Model and of the state-of-the-art research
on the Higgs boson properties, some well-motivated new physics scenarios
which can be relevant for this thesis are presented.
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1.1 The Standard Model
The Standard Model (SM) is a renormalizable Quantum Field Theory which
describes the interactions among fundamental matter components.
SM matter is constituted by a few fundamental half-integer spin particles,
the fermions, described by half-integer spin fields. Interactions enter the
theory as a local gauge invariance requirement, and propagate through
vector fields. Each vector field corresponds to a spin 1 particle, referred to as
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gauge boson. Three fundamental interactions are included in the theory: the
electromagnetic force, the weak force and the strong force. The description
of the three fundamental interactions [1, 2, 3] is based on the local gauge
symmetry group
U(1)Y ⊗ SU(2)L ⊗ SU(3)c
Each particle is associated to a representation of the gauge group and its
properties can be summarized by three quantum numbers.
Specifically, in the minimal SM, the quark sector is described by two singlets
(uR, dR) and one doublet (qL) under SU(2)L, while the lepton sector is
described by one singlet (eR) and one doublet (lL). Three generations
("flavours") of fermions, both in the quark and lepton sector, are currently
known.
qL uR dR lL eR
U(1)Y 1/6 2/3 -1/3 -1/2 -1
SU(2)L 2 1 1 2 1
SU(3)c 3 3 3 1 1
Table 1.1: Quantum numbers associated to each generation of SM fermions
One of the key features of the Standard Model is the spontaneous symme-
try breaking mechanism in the electroweak sector (EWSB) [4, 5, 6, 7, 8, 9].
Spontaneous symmetry breaking in the simplest case requires the presence
of a scalar field with a positive vacuum expectation value.
In the SM a complex scalar field φ which behaves as doublet under SU(2)L
and has charge +1/2 under U(1)Y is introduced. A potential term like
V (φ) = −µ2φ†φ+ λ(φ†φ)2
sets the vacuum expectation value at
v =
(
µ2
λ
)1/2
A positive vacuum expectation value automatically fixes the masses of the
gauge bosons. Three of the four gauge bosons acquire a positive mass, while
the photon remains massless as the U(1)em symmetry remains unbroken.
Moreover the presence of φ field allows mass terms proportional to the vac-
uum expectation value for the fermions, while preserving the local gauge
invariance [10, 11].
The φ field, corresponding to the physical Higgs field H(x), describes a
scalar particle with mass mH =
√
λ
2 ·v, known as the Higgs boson. The Higgs
boson interacts with fermions, trough Yukawa-like vertices, with a coupling
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proportional to the fermion mass, and with massive gauge bosons, with a
coupling proportional to the square of the boson mass.
1.2 Higgs Boson production and decay modes
In proton-proton collisions at the center of mass energies currently reached
by the LHC (up to 13 TeV) the Higgs boson is expected to be produced mainly
through four mechanisms. The gluon-gluon fusion production mode has the
largest cross section, followed by vector boson fusion, associated WH and
ZH production, and production in association with a tt¯ or bb¯ pair [12]. The
leading Feynman diagrams are reported in figures 1.1, 1.2, 1.3.
The gluon-gluon fusion (ggF) is the dominant production mode with a cross
section of approximately 85% of the total. The leading diagram involves a
quark loop: the main contribution to the SM amplitude arises from the top
quark loop, though the amplitude is potentially sensitive to the presence of
new massive particles with non zero colour charge.
The vector boson fusion (VBF) has a cross section of about a tenth of that of
gluon-gluon fusion. The leading diagrams involve a qq scattering in the t or
in the u channel, with a vector boson exchange and the emission of a real
Higgs. Since the momentum exchange is typically lower than the center of
mass energy of the two quarks, the channel is characterized by two separated
high-rapidity quarks in the final state, detectable as high rapidity jets. Their
presence can therefore serve as a signature of the VBF production channel.
The Higgs-Strahlung (VH) has an even smaller cross section, but the pres-
ence of a vector boson in the final state helps to separate Higgs events from
background when the Higgs decays to two quarks. The presence of final
state charged leptons or neutrinos is currently exploited in H → bb¯ searches.
H → bb¯ searches take into account also the contribution of gluon initiated
processes (fig. 1.2 b, c) whose contribution to the total ZH cross-section
is around 8%, but they can help to increase the sensitivity to high-pT Higgs
bosons.
Finally, tt¯H associated production allows a direct measurement of Higgs
coupling to the top quark. Its contribution to the total cross-section is of
about 1%. Other processes, namely the bb¯H associated production and the
single-top associated production, currently are not object of direct searches,
but their contribution is taken into account in global Higgs properties mea-
surements.
The total production cross section in proton-proton collisions depends
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Figure 1.1: Leading Feynman diagrams for Higgs boson production via ggF (a) and VBF (b).
Figure 1.2: Leading diagrams for the VH production channel. Gluon initiated processes (b,c)
are important when looking for a high-pT Higgs decaying to hadrons
Figure 1.3: Leading diagrams for associated production with heavy flavour quark pairs.
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Figure 1.4: Production cross section for each channel as a function of
√
s. State of the art
calculations take into account NNLO QCD corrections and NLO electro-weak corrections.
on the center of mass energy. The current SM model predictions for a Higgs
mass of 125.09 GeV [13] is of 17.4±1.6 pb at √s = 7 TeV and of 22.3±2.0
pb at
√
s = 8 TeV. The expected value at the energy currently delivered by
the LHC (
√
s = 13 TeV) is approximately σ ' 34 pb.
The Standard Model predicts the Higgs boson decay amplitude and
its branching ratio in each final state. For a Higgs boson with mass of
approximately 125 GeV the total decay amplitude is expected to be of a
few MeV. The Higgs boson decays into pairs of fermions through Yukawa-
like interactions, with a relative branching ratio proportional to m2f and to
gauge boson pairs. Gluon-gluon and γγ final state are also possible through
fermionic loops, or W loops in the γγ case.
Experimental tests
After the announcement of the observation of a new particle at a mass of
approximately 125 GeV with Higgs-like properties [14, 15], a great effort
has been made to characterize the newly-discovered object.
The most recent measurement exploit the full Run 1 luminosity, which is of
about 5 fb−1 at
√
s = 7 TeV and of about 20 fb−1 at
√
s = 8 TeV for both the
ATLAS and CMS experiments. Overall, a good consistency between data and
SM predictions is observed.
A combined measurement of the Higgs boson mass [13] has recently been
published. Mass measurements are performed through H → γγ and H →
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Decay Channel Branching Ratio [%]
H → bb¯ 57.5 ± 1.9
H → ττ 6.30 ± 0.36
H → cc¯ 2.90 ± 0.35
H → µµ 0.022 ± 0.001
H →WW 21. 6± 0.9
H → gg 8.56 ± 0.86
H → ZZ 2.67 ± 0.11
H → γγ 0.228 ± 0.011
H → Zγ 0.155 ± 0.014
Table 1.2: SM predicted branching ratios for a Higgs boson of mass 125.09 GeV. Some of the
decay channels reported are beyond reach of the current experiments.
ZZ → 4l decay channels. The resulting combined mass is
mH = 125.09± 0.21(stat.)± 0.11(syst.) GeV
The couplings to SM fermions and bosons have been lately measured as-
suming a Higgs mass of 125.09 GeV [16]. Individual analyses addressing
specific decay modes and published separately by the two experiments are
used as input. The agreement between the SM prediction and the relative
measurement is described by the signal strength parameter µ.
For each production and decay channel i → H → f the production and
decay signal strengths are defined as
µi =
σi
σi,SM
and µf =
BRf
BRfSM
The global signal strength measurement, performed assuming the same
µi and µf for each process, gives as a result a best-fit value of
µ = 1.09+0.11−0.10
Analogous measurements are performed treating independently each pro-
duction signal strength, assuming SM branching ratios, and each branching
ratio signal strength, assuming SM production cross-sections. The best fit
results are reported in figure 1.6. Among the signal strengths the observed
µttH value of 2.3+0.7−0.6 differs from the expected by more than 2σ, while the
combined µbb strength of 0.69+0.29−0.27 is slightly lower than the expected.
The coupling to each SM particle individually is tested assuming the con-
sistency of the loop amplitudes (γγ final state, ggF production mode) with
the SM. At the lowest order the Higgs is expected to couple to fermions with
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Figure 1.5: Expected branching ratios by channel
Figure 1.6: Best-fit results for the production signal strengths combining ATLAS and CMS
measurements (left). Results for the branching ratio signal (right). The error bars indicate
the 1σ and 2σ intervals.
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Figure 1.7: Best fit result for the coupling modifiers measurement for each SM particle; the
dashed line indicates the expected value as function of the SM particle mass.
a strength proportional to their mass and to vector boson proportionally to
mass square.
Coupling modifiers
yv,i =
√
kv,i · mv,i
v
and yf,i = kf,i · mf,i
v
are thus introduced to test each vertex agreement with the SM. The result
is reported in figure 1.7.
Finally, the spin and parity of the Higgs boson have been tested exploiting
the H → γγ, H → ZZ → 4l and H → WW → 2l2ν channels [17, 18].
The observations disfavour spin-2 hypothesis and, assuming that the boson
has spin zero, are consistent with the pure scalar hypothesis, JP = 0+ as
predicted by the SM, while disfavouring the pseudoscalar hypothesis.
1.3 Higgs as a portal to new physics
The discovery of the Higgs boson and the measurement of its properties
represent one of the biggest achievements of the LHC Run 1. The charac-
terization of the Higgs is however far from complete and improvements are
expected already by the end of the second Run of the LHC.
An important SM test would be the measurement of the trilinear and quartic
Higgs self-couplings, which are accessible in multi-Higgs production pro-
cesses. In the SM, the cross section for the production of two Higgs bosons
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in proton proton collisions at 8 TeV is order of 10 fb for the gluon-gluon
fusion process [19], which is beyond reach with the current amount of data.
The double Higgs production, though enhanced in the Run 2 because of
the higher center of mass energy, is expected to be accessible only at higher
integrated luminosities (HL-LHC, [20]).
Nevertheless, the the SM Higgs can be used as a discovery tool in new
physics searches assuming new physics will couple preferentially with the
electroweak sector. In this case our current knowledge of the Higgs properties
allows to look for final states containing Higgs bosons, taking as a reference
the SM branching ratios.
A model independent search for resonant di-Higgs production is pre-
sented in this thesis. The results can be interpreted within several theoretical
scenarios. Among those, several scenarios postulate an extended Higgs sector
whose heavier states are yet to be uncovered. An extension of the Higgs
sector doesn’t clash with the current measurements within the experimental
uncertainty and it looks like a natural way to extend the SM [21].
In another possible scenario, new states interacting with the SM Higgs can
be interpreted as a footprint of Warped Extra Dimensions. Warped Extra
Dimensional models aim to include gravity in the SM and to explain the scale
difference between the gravitational force and the other fundamental forces.
In the following sections an overview of some well-motivated new physics
models that are relevant for resonant production of Higgs pairs is given.
1.3.1 Scalar Singlet Models
One of the most natural extensions of the Standard Model consists in the
addition of a singlet under the gauge group U(1)Y ⊗SU(2)L⊗SU(3)c which
mixes with the SM Higgs [21]. This possibility is present in several new
physics scenarios, most notably in the Next-to-Minimal Supersymmetric
Standard Model (NMSSM) [22] and in the Twin Higgs model [23].
In the case of a generic scalar, a singlet S with vacuum expectation value
vs is introduced. The resulting mass eigenstates are the SM Higgs H a
CP-even scalar called φ.
The mixing angle between the SU(2)L doublet and the scalar can be
written as
sin2γ =
M2hh −m2H
m2φ −m2H
where M2hh is the non-diagonal element in the mass matrix before diago-
nalisation.
In such a scenario the SM Higgs boson couplings to both fermions and
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vector bosons are reduced by a factor of cosγ. The branching ratios are not
modified with respect to their SM values, since all the couplings are rescaled
by the same factor; the only deviation from the SM is therefore the reduced
production cross section. Concerning φ, its production cross-section is the one
of a standard Higgs boson of mass mφ rescaled by sin2γ. Its branching ratios
are those of a SM Higgs boson of mass mφ below the kinematic threshold
mφ < 2mH , where the φ→ HH branching ratio can become sizeable.
The expected signal strengths for the Higgs and the φ scalars are there-
fore:
µH = cos
2γ · µSM
µφ→V V,ff = sin2γ · µSM (mφ) · (1−BRφ→HH)
µφ→HH = sin2γ ·BRφ→HH
Both direct and indirect measurements are useful to probe such a model.
Specifically a global fit of the Higgs couplings currently constrains sinγ <
0.23 at 95 C.L. [24, 25].
For direct searches the relative importance of the HH and V V final states
depends on the singlet vacuum expectation value vs. For a negative vacuum
expectation value the best sensitivity is obtained trough the HH channel
(figure 1.8). For mφ >> mW however, which is the case in a search for heavy
resonances, the φ → V V and φ → HH decay rates dominate over all the
other SM decay modes independently of vs. Asymptotically the following
relation holds:
BRφ→HH = BRφ→ZZ =
1
2
BRφ→WW =
1
4
NMSSM
The generic scalar singlet model parameters acquire a concrete physical
meaning in various Beyond Standard Model theoretical models. First we
consider the Next-to-Minimal Supersymmetric Standard Model (NMSSM),
which is a deformation of the Minimal Supersymmetric Standard Model
(MSSM) [26] that includes a scalar singlet. The MSSM itself predicts an ex-
tended Higgs sector, comprehensive of a CP-even scalar which decays to two
Higgs bosons. The lack of hints of supersymmetric particles in LHC searches,
together with the mass of the SM Higgs fixed at 125 GeV, determined a shift
of focus towards more natural models.1
1The lack of signals so far from the direct production of supersymmetric particles together
with the discovery of the Higgs boson at 125 GeV clashes with the naturalness requirement
in the MSSM, since large stop masses, above a TeV, are needed. Beside that, the MSSM can
be probed effectively searching for resonances in the lowest mass range ( ' 260-400 GeV),
which is beyond the scope of this thesis.
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Figure 1.8: Reach of the direct searches for φ → V V (red), φ → HH(4b) (purple), and
φ → HH(2b2γ) (magenta), for vs= -75 GeV. The non-physical region is coloured in grey.
The current (2012) LHC exclusion at 95% C.L. (coloured regions), and projections for LHC13
(thin lines), LHC14 (solid lines) and HL-LHC (dashed lines) are represented. Higgs mixing
with a scalar singlet is expected to be relevant for masses up to '1 TeV
In the NMSSM a superfield S which behaves as a singlet under the gauge
group is introduced. A Lagrangian term LHS = λHuHdS determines its
interaction with the Higgs superfields of the MSSM.
In the limit of one orthogonal Higgs doublet, which does not participate
in EWSB, under the assumption of CP conservation in the Higgs sector, we
can separate the CP-even component from the complex field S. In this case the
system works exactly like the generic singlet scenario previously described.
The mixing can be expressed in terms of the following parameters, which
fully describe the model: tanβ, i.e. the ratio of the vacuum expectation
values of the Higgs superfields, λ,the singlet-doublet coupling, and ∆t, the
top-stop contribution to the Higgs mass. The resulting mixing term reads:
M2hh =
λ2v2
2
sin22β +m2zcos
22β + ∆2t
Given the above expression the current experimental results can be
interpreted under different hypotheses depending on the parameters λ, ∆t
and tanβ. Under the "strong" coupling hypothesis, with λ = 1.2 and ∆t =
70 GeV, the exclusion plot as a function of tanβ and mφ is reported in figure
1.9 (a). Direct searches results from Run 1 looks more powerful in testing
this model compared to coupling deviations in this case.
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(a) NMSSM exclusion from Run 1 (b) Twin Higgs exclusion from Run 1
Figure 1.9: NMSSM exclusion plot with "strong" coupling: λ = 1.2, ∆t = 70 GeV (a), with
BRφ→HH = 0.25. Exclusion plot for the Twin Higgs model with BRφ→inv = 3/7 (invisible
mirror particles). Direct LHC (2012) exclusion are in red and deviations in Higgs couplings in
pink. The line share the same notation with figure 1.8.
Twin Higgs
The presence of an additional scalar singlet is also typical of another class of
models suggesting that the Higgs boson originates from the breaking of some
global symmetry as an approximate Goldstone boson. In the Twin Higgs
model a copy of the SM gauge, matter and scalar content is added, related to
the SM by a Z2 symmetry. The relatively low Higgs mass is thus explained
by the presence of total singlets under the SM that cancel the "quadratic
divergences". The mirror partners of the SM particles are expected to be very
difficult to detect at the LHC, with the exception of the mirror partner of
the Higgs, which can be singly produced through a mixing with the SM Higgs.
The experimental results can be interpreted in the Twin Higgs hypothesis
as function of the vacuum expectation value of the mirror Higgs partner f ,
with f > v. The Run 1 exclusion plot as a function of f and mφ is reported
in figure 1.9 (b).
1.3.2 Warped Extra-dimensional Models
A different class of models suggests the existence of warped extra dimen-
sions (WED), in order to explain the scale difference between gravity and
the other fundamental interactions. In the simplest case one spatial extra
dimension of length L compactified between two fixed points, commonly
called branes is introduced, as first proposed by Randall and Sundrum [27].
The region between the branes is referred to as bulk, and controlled through
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an exponential metric. The five-dimensional metric reads:
ds2 = e−kygµνdxµdxν + dy2
The gap between the two fundamental scales of nature, such as the Planck
scale (Mpl), and the electroweak scale, is controlled by the warp factor (k)
in the metric. The brane where the density of the extra dimensional metric is
localized is called the "Planck brane", while the other, where the SM field are
localized, is called the "TeV brane".
This class of models predicts the existence of new particles, such as the
spin-0 radion and the spin-2 first Kaluza-Klein (KK) excitation of the graviton.
Space-time quantum fluctuations produce a five dimensional tensor field,
which originates the massless gravity mediator (graviton) and excited states
such as the KK-graviton. Similarly, the radion field is related to a scalar field
produced by fluctuations of the extra dimension y of the metric. The mass of
the KK-graviton is proportional to the warp factor of the metric and the scale
of the theory ΛG, where ΛG =
√
8pie−kL ·Mpl, while the radion mass can be
expressed as mX =
√
6ΛG [28].
There are two possible ways of describing a KK-graviton that depend
on the choice of localization for the SM matter fields. In the RS1 model,
only gravity is allowed to propagate in the extra-dimensional bulk, and with
the KK-graviton couplings to matter fields fully defined by k/Mpl. For the
possibility of particles in the bulk (the so-called bulk RS model), the coupling
of the KK graviton to matter depends on the choice for the localization of the
SM bulk fields.
In the RS1 the KK-graviton and radion couple to light quarks and gluons with
the same coefficient, while in the bulk RS scenario they couple preferentially
with the H, Z, W and t and the couplings to light fermions are dramatically
reduced. In this scenario, since couplings to fermions are suppressed, the
gluon fusion is the dominant process for both radion and KK-graviton pro-
duction at the LHC.
WED scenarios have been probed at LHC during Run 1. The most sensi-
tive channels in case of a di-Higgs final state are HH → bb¯γγ up to 400
and HH → bb¯bb¯ for higher mass resonances. The current limits set by CMS
during Run 1 exclude radions with ΛG = 1 TeV for masses ranging from 260
GeV to 2 TeV [29, 30, 31].
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(a) Production cross sections (b) Branching ratio in bulk model
Figure 1.10: Production cross sections for X → HH → bb¯bb¯ as a function of the KK-graviton
and radion masses. Predictions for the radion are shown for different X mass values, for the
KK-graviton the curvature is set to be 0.1 Mpl (the dependence on the scale ΛG is factored
out) [32]. KK-graviton branching fractions (Bulk scenario, assuming SM top quark) [33].
2
The CMS Experiment at the LHC
The search described in this thesis uses a data sample collected by the CMS
detector during the LHC Run 2 in 2015. The following provides a brief
description of the experimental apparatus
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2.1 The Large Hadron Collider
The Large Hadron Collider (LHC) is 27 km long circular hadron accelerator
and collider. It is located on the border between Switzerland and France, at
the CERN laboratories [34, 35].
The LHC machine was installed in the existing underground tunnel pre-
viously used for the Large Electron Positron collider (LEP). With its design
center of mass energy of 14 TeV and instantaneous luminosity of 1034 cm−2
s−1 it represents a big step both in the energy and luminosity frontier com-
pared to previous colliders.
Two separate rings with opposite magnetic optics host two counter rotat-
ing particle beams. The beams are guided around the accelerator ring by a
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Figure 2.1: The CERN accelerating complex.
strong magnetic field (Bmax = 8.33 T) maintained by 1232 superconducting
dipole magnets. In addition, a total of 392 quadrupole magnets are used to
focus the beam. Before injection into the LHC, the protons are accelerated
in various steps that gradually increase their energy. The chain starts with a
linear accelerator followed by three synchrotron accelerators of increasing
size. The protons are finally injected into the main ring with an energy of 450
GeV. Acceleration is achieved as the beam repeatedly crosses radio frequency
cavities. The magnetic field that guides the beams grows synchronously with
the energy of the protons. Once the maximum field is achieved, the beams
are brought into collision at four interaction points.
Four different experiments with different characteristics and purposes are
located at the four interaction points, allowing to exploit the physics potential
of the machine. ATLAS (A Toroidal LHC ApparatuS) and CMS (Compact
Muon Solenoid) are general-purpose detectors designed to investigate a wide
range of physics. Their focus includes the Higgs boson searches and the
exploration of the energy frontier in a quest for new physics at the TeV scale.
ALICE (A Large Ion Collider Experiment) is a heavy-ion detector, designed to
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Figure 2.2: Historical record of luminosity measured by the CMS experiment since 2010.
[36]
study the physics of the strong interaction at extremely high energy densities,
where a phase of matter called quark-gluon plasma forms. The Large Hadron
Collider beauty (LHCb) experiment specializes in the precise measurements
of CP-violating observables in order to search for indirect evidence of New
Physics.
Operational history
The LHC began its planned research program in the spring of 2010 with a
center of mass energy of 7 TeV. By the end of 2011, the CMS experiment
had collected a total integrated luminosity of 5.6 fb−1 with a record peak
luminosity of 4.0 × 1033 cm−2 s−1. In 2012, the center of mass energy was
increased to 8 TeV and higher instantaneous luminosities were achieved. The
total integrated luminosity collected by CMS during this year amounted to
22 fb −1 with a record peak luminosity of 7.7 × 1033 cm−2 s−1.
In both runs the LHC was operated with a bunch spacing of 50 ns correspond-
ing to a collision frequency of 20 MHz. At the beginning of 2013, the LHC
was shut down to prepare the collider to run at higher energy and luminosity.
The accelerator was reactivated in early 2015, operating at a center of mass
energy of 13 TeV.
In 2015 the LHC reached a luminosity of 5× 1033 cm−2s−1 and an
integrated luminosity of about 4 fb−1 (figure 2.3). The analysis presented in
this thesis is carried out on data recorded by the CMS experiment in 2015 at
center of mass energy of 13 TeV.
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Figure 2.3: LHC delivered luminosity to the different experiments during the 2015 run at√
s= 13 TeV and the peak instantaneous luminosity [36]
Figure 2.4: Cumulative luminosity versus day delivered to (blue), and recorded by CMS
(orange) during stable beams and for p-p collisions at 13 TeV center of mass energy in 2015.
[36]
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Reference Frame
The coordinate system used by the experiments at the LHC has its origin
fixed at the nominal collision point. The x axis points towards the center
of the LHC ring, the y axis points upwards and the z axis points along the
counter-clockwise beam direction. In addition, the azimuthal angle φ is
measured from the x axis in the xy plane and the polar angle θ is measured
from the positive z axis.
In a typical collision the center of mass is boosted along the z axis with
respect to the laboratory frame. The kinematics of the collision products are
therefore conveniently described by the coordinates (pT , y, φ, m). Here, φ in-
dicates the azimuthal angle, m the invariant particle mass, pT the transverse
momentum given by pT = p sin θ, and y the rapidity defined as
y =
1
2
ln(
E + pz
E − pz )
The transverse momentum, the azimuthal angle and the mass are invariant
under boosts along the z axis and the rapidity changes only by an additive
constant. The difference in rapidity between two particles is therefore invari-
ant under boosts along the z axis. The rapidity is reasonably approximated
for relativistic particles by the pseudo-rapidity η = 12 ln tan θ, which can be
computed simply from the polar angle.
2.2 The CMS Experiment
The Compact Muon Solenoid (CMS) is a general-purpose experiment. Its
design allows to collect redundant information ensuring a robust and efficient
reconstruction of the products of proton-proton collisions in a high radiation
environment.
The detector is designed according to the cylinder shape of the super-
conducting solenoid, which provides a uniform magnetic field of 3.8 T. The
structure consists of two regions, the barrel (|η| <1.2), made of subdetec-
tors positioned at increasing values of the cylinder radius and the endcaps
(|η| >1.2) where subdetectors are layered along the z axis, to ensure her-
meticity.
The solenoid itself is 13 m long with a 6 m diameter. It contains, from
inside out, the tracker and the electromagnetic and hadronic calorimeters.
Outside the magnet coil, the iron return yoke of the magnet hosts the muon
spectrometer, used for reconstruction of muon tracks.
In the following sections a brief summary of the main features of the CMS
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Figure 2.5: A three dimensional view of the CMS detector
subdetectors is given; a detailed description can be found in the CMS official
design report [37].
2.2.1 The Tracker
The tracker [38, 39] of CMS constitutes the inner part of CMS and is designed
to provide a precise and efficient measurement of the charged particle tracks
and of the primary and secondary interaction vertices.
The tracker is aimed to work in high-radiation environment, therefore
high granularity and fast response are mandatory to ensure an efficient
vertexing and track reconstruction. On the other hand finely segmented
detectors require a large number of readout channels and an efficient cool-
ing system, which, as dead material, are expected to worsen the tracking
performance. As a consequence different kind of technologies are employed
depending on the detector-beam distance.
A silicon pixel detector is installed in the inner region, closest to the
interaction point, while silicon microstrip detectors are used in the outer
region. The total length of the tracker is of 5.8 m and its diameter is 2.5 m,
while the angular coverage reaches up to |η| = 2.5, for a total active surface
of 210 m2.
The pixel detector is formed by three barrel layers positioned at radii of
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Figure 2.6: Tracker scheme
4.4, 7.3 and 10.2 cm and two endcap disks for each side. It provides three-
dimensional position measurements. The inner detector provides at least
two hits for tracks coming from within few cm of the nominal interaction
point, with an angular acceptance of |η| < 2.2.
Each pixel has a surface of 100 × 150 µm2 to obtain low cell occupancy
(order 10 −4 per pixel and collision) and a spatial resolution of about 10 µm
in the r − φ plane and 15 µm in the z coordinate.
The inner silicon microstrip detector is made of 4 barrel layers (tracker
inner barrel or TIB) positioned at radii ranging from 20 to 55 cm and 3
disks at each side (tracker inner disks or TIDs). The outer system, instead, is
composed by 6 barrel layers positioned at radii up to 1.1 m (tracker outer
barrel or TOB) and 9 disks for each endcap (tracker endcaps or TECs).
The strips are oriented along the z axis in the barrel and along the r
coordinate in the endcaps. The microstrip detector design spatial resolution
is of about 20-50 µm in the r − φ plane and about 200-500 µm along the z
axis.
Figure 2.7 shows the mean channel occupancy in strip and pixel sensors
in data collected with a "zero-bias" trigger, with about nine proton-proton
interactions on average per bunch crossing. The high granularity of the
inner pixel detector results in a lower channel occupancy is (0.002-0.02%)
compared to the one in the strip detector (0.1-0.8%).
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Figure 2.7: Channel occupancy for CMS silicon detectors in events taken with unbiased
triggers with an average of nine p-p interactions per beam crossing, displayed as a function of
r and z
2.2.2 The Calorimeters
The electromagnetic calorimeter of CMS (ECAL) [40] is a hermetic homoge-
neous calorimeter made of 61 200 PbWO4 crystals mounted in the central
barrel part, completed by 7324 crystals in each endcap. The ECAL barrel (EB)
covers the central rapidity region (|η| < 1.48) and the two ECAL endcaps
(EE) extend the coverage up to |η| = 3. A lead/silicon-strip pre shower
detector is also installed at pseudorapidities 1.6 < |η| < 2.6. The use of
the purpose-built high density PbWO4 crystals (radiation length X0=0.89
cm) has allowed the design of a calorimeter which is compact, fast, has fine
granularity and is radiation hard. The detector depth is of 26 X0 in the barrel
and of (3+25) X0 in the pre-shower+endcap. The transverse dimensions of
the crystals are equal to the Molie`re radius (2.2 cm) providing a very fine
transverse granularity which is crucial for a good energy resolution in a high
radiation environment such as the LHC.
The Energy resolution of a calorimeter can be parametrized as:
σE
E
=
a
E
⊕ b√
E
⊕ c
where a is the the noise term due the electronics and pileup, indepen-
dently of the energy, b e is the stochastic term which accounts mainly for the
fluctuations in the photon conversions before the readout electronics, and c
is a constant term related to the energy scale calibration.
A typical measured PbWO4 crystal energy resolution is of the order of
σE
E
=
0.12
E
⊕ 2.8%√
E
⊕ 0.3%
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The expected performances have been almost matched during the first LHC
Run.
The CMS hadronic calorimeter (HCAL) [41] is used to measure the energy of
hadrons, and is essential when it comes to the measurement of the neutral
energy fraction of hadronic showers. Its design ensures good hermeticity
to allow the measurement of the missing transverse energy; additionally,
the HCAL angular coverage includes the very forward region providing the
identification of forward jets.
Contrary to ECAL, the HCAL is a sampling calorimeter: the energy is mea-
sured by scintillators alternated to brass plates used as absorbers. A steel/quartz-
fiber Cherenkov calorimeter (HF) is used instead in the forward region.
The CMS HCAL can be subdivided into four regions: the barrel hadronic
calorimeter (HB) surrounds the electromagnetic calorimeter and covers
the central pseudorapidity region up to |η| = 1.3; the two endcap hadron
calorimeters (HE) cover up to |η| = 3. The Cherenkov calorimeter (HF)
extends the coverage up to |η| = 5 in the forward region. An array of scintil-
lators located outside the magnet, the outer hadronic calorimeter (HO), is
added to improve the central shower containment.
The energy resolution (with E in GeV) is σE/E ' 65%/
√
E ⊕ 5% in the
barrel, σE/E ' 85%/
√
E⊕ 5% in the endcaps, and σE/E ' 100%/
√
E⊕ 5%
in the very forward calorimeter.
2.2.3 The Muon System
The CMS muon chambers [42] are located in the external part of the detec-
tor, precisely in steel return yoke of the magnet. Their angular acceptance
reaches up to |η| < 2.4 providing information to identify muons and to mea-
sure the momentum and charge of high-pT muons. Additionally, two tasks
are accomplished by the muon system thanks to its good time resolution:
bunch crossing identification and muon-triggering.
The barrel (|η| < 1.2) is instrumented with Drift Tubes (DTs) and Resis-
tive Plate Chambers (RPCs), while the endcap is currently equipped with
four layers of Cathode Strip Chambers (CSCs, 0.9 < |η| < 2.4) and RPCs (up
to |η| < 1.6). During the first run of LHC three layers of RPC detectors were
installed in the endcap; the fourth layer was recently installed during the
Long Shut Down 1. The highest rapidity region (1.6 < |η| < 2.4) is currently
planned to be instrumented with two stations of Gas Electron Multiplier
detectors (GEMs) [43], which can accomplish the same physics goals of the
RPCs in a high radiation environment.
Each DT station provides a measurement of the muon position with a 100
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Figure 2.8: Longitudinal view of a quarter of the CMS muon system; the GEM stations (in
red) are yet to be installed.
µm resolution in r − φ and 150 µm in the z direction, while in the CSC the
r − φ resolution is about 75-150 µm and the z resolution of about 200 µm.
The RPCs have coarser space resolution but a good time resolution (<10 ns)
to ensure a robust bunch crossing identification and efficient triggering.
2.2.4 Track Reconstruction
Tracks are the reconstructed trajectories of charged particles. They play
a fundamental role in the event reconstruction in CMS and are the main
component of the Particle Flow and b-tagging algorithms.
Each trajectory is defined as a sequence of hits in the tracker. The position
of a hit is found fitting the deposited charge distribution, both in the pixel
detector and in the strip detector. Tracking algorithms assign hits to tracks
aiming to measure with the best possible resolution the five parameters
which identify the trajectory: three for the momentum vector (pT , η, φ), and
two for the impact parameter (r, z), where the impact parameter is defined
as the distance between the primary vertex and the point of closest approach
of the track to it.
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Iterative Tracking
Tracks are reconstructed in CMS through multiple iterations of the Com-
binatorial Track Finder (CTF) algorithm sequence, which is based on the
combinatorial Kalman Filter [44, 45] technique. In the first stages, the it-
erative tracking searches for tracks of relatively large pT or small impact
parameter, that are easier to find. After each iteration the hits associated
with the reconstructed tracks are removed from the hit collection, reducing
the combinatorial complexity of the subsequent iterations. Each iteration of
the CTF algorithm is composed of four steps:
Seeding: Track seeds are identified from triplets of 3D-hits or pairs
of 3D-hits plus the beam spot. Only hits measured by the pixel and
double strips detectors are used at this stage. Pixel hits are preferred
because of the higher resolution, the lower occupancy and the smaller
amount of material before the active detector layers. Double strip
hits are useful to recover efficiency for displaced tracks, coming from
outside the beam spot.
Pattern Reconstruction: The seeds are extrapolated up to the whole
tracker using a combinatorial Kalman filter: the hits from the different
tracker layers are added to the suitable tracks, and at each iteration
the track parameters are updated. In case multiple compatible hits are
found when extrapolating the trajectory to a single layer, the algorithm
will create one trajectory candidate for each hit and they will be prop-
agated independently. Once the track is completed another search is
performed backwards starting from the outermost hit to improve the
hit collection efficiency.
Track Fitting: Track-associated hits are fitted considering also the
effects neglected by the Kalman filter, like the non-uniformity of the
magnetic field, the dependence of the hit resolution from the track
parameters, and the presence of outlier hits (delta-rays etc.).
Track Selection: Only the fitted tracks that fulfil a minimum quality
requirement (number of layers that have hits, the track normalized χ2 ,
longitudinal distance from the closest pixel-only vertex) are kept, the
others are discarded. The hits associated with the reconstructed tracks
are then removed from the hits collection.
The average track-reconstruction efficiency for promptly-produced charged
particles with transverse momenta of pT > 0.9 GeV is 94% for pseudorapidi-
ties of |η| < 0.9 and 85% for 0.9 < |η| < 2.5. The momentum resolution
σ(pT )/pT for muons is of about 1.3% in the barrel and 2–5% in the endcaps
up to pT values of 100 GeV [39, 46].
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Primary vertex reconstruction
The primary vertices are the proton-proton collision points. Their position is
reconstructed using the available tracks in the event. First tracks consistent
with being produced in the primary interaction region are selected. These
are then clustered on the basis of their z-coordinates at their point of closest
approach to the beam line. Track clusters are eventually fitted using the Adap-
tive Vertex Fitter [47] algorithm. This algorithm is an iterative reweighted
Kalman filter that fits a candidate vertex starting from a collection of tracks.
Tracks are reweighted at each iteration so that the contribution of fake tracks
gradually diminishes.
The reconstructed interaction vertex with the largest value of
∑
i p
2
T,i is se-
lected as a candidate for the origin of the hard interaction. The primary
vertex resolution depends on the number of associated tracks: in x and z the
resolution is of order of 20-50 µm.
2.2.5 Particle Flow reconstruction
The particle flow algorithm [48] is adopted by the CMS experiment to
optimally combine the information provided by the subdetectors. Charged-
particle tracks, calorimeter clusters, and muon tracks are used as starting
elements in the reconstruction of all the stable particles emerging from the
collisions.
The list of individual particles is then used to build jets, to determine the
missing transverse energy, to quantify charged lepton isolation with respect
to other particles and to tag b-jets.
Each particle is, in general, expected to generate several particle-flow ele-
ments in the various CMS sub-detectors. These elements are connected to
each other by the link algorithm which constitutes the core of the CMS parti-
cle flow. The link algorithm is initially performed for each pair of elements in
the event and defines a distance between any two linked elements to quantify
the quality of the link.
The algorithm then produces "blocks" of elements linked directly or indirectly.
Thanks to the granularity of the CMS detectors, blocks typically contain only
one, two or three elements, and constitute simple inputs for the particle
reconstruction and identification algorithm.
The link between a charged-particle track and a calorimeter cluster pro-
ceeds, for instance, in this way. The track is first extrapolated from its last
measured hit in the tracker to to each possible calorimeter cell along the
trajectory, at a radius typical of the electromagnetic and hadronic showers
respectively. The track is linked to clusters if the extrapolated position in the
corresponding calorimeter is within the cluster boundaries. The link distance
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is defined as the distance in the (η, φ) plane between the extrapolated track
position and the cluster position.
The link algorithm is used also to recover Bremsstrahlung photons emitted
by electrons. In this case the tangents to the tracks are extrapolated to the
ECAL from the intersection points between the track and each of the tracker
layers. Again a cluster is linked to the track as a potential Bremsstrahlung
photon if the extrapolated tangent position is within the boundaries of the
cluster.
Similarly, a link between two calorimeter clusters, is established when the
cluster position in the more granular calorimeter (Pre-Shower or ECAL) is
within the cluster envelope in the less granular calorimeter (ECAL or HCAL).
Finally, a link between a charged-particle track in the tracker and a muon
track in the muon system is established (a global muon) when a global fit
between the two tracks returns an acceptable χ2. When several global muons
can be fitted with a given muon track and several tracker tracks, only the
global muon that returns the smallest χ2 is retained.
Blocks of one or more linked objects are then processed to identify and
reconstruct particle candidates.
Isolated electrons and muons are usually selected and reconstructed first.
Charged hadrons are identified as tracks in the inner tracker, normally linked
to calorimetric deposits if the particle pT is sufficient for the trajectory to
reach the calorimeters. If the measurements from the track and calorimeter
are compatible, the best energy determination is obtained through an appro-
priate combination of the two.
If the track momentum exceeds significantly the measured calorimetric
energy, the particle can be identified as muon if it satisfies loose muon identi-
fication criteria; otherwise, tight track quality requirements are applied to
reject misreconstructed tracks.
If instead an excess of calorimetric energy deposition is found with respect
to the momentum of the associated track, the residual energy is identified as
a photon or a neutral hadron. Additional photons and neutral hadrons are
also identified from calorimetric deposits not linked to any track.
2.2.6 The Trigger System
The LHC provides proton-proton collisions at high rates. The bunch crossing
interval is 25 ns, corresponding to a frequency of 40 MHz. At peak luminosity
an average of 20 collisions per bunch crossing occur, making it impossible
to store and process all the information provided by the detector. The data
needs to be reduced and selected trough a trigger system, whose crucial
aspect is a fast and efficient real-time selection to keep track of the useful
events.
In CMS the data reduction happens in two steps: The Level-1 Trigger [49]
and the High Level Trigger (HLT) [50].
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Level-1 Trigger
The Level-1 Trigger consists of programmable electronics which processes
coarsely segmented information coming from the calorimeters and from the
muon system. It reduces the event rate from an input of 40 MHz to an output
of about 100 kHz, through a synchronous pipelined structure of processing
elements. At every bunch crossing, each processing element sends its results
to the next element and receives a new event to analyze. During this process,
the full detector data are stored in pipeline memories with limited depth
(128 bunch crossings).
High Level Trigger
The HLT further decreases the event rate from about 100 kHz to about 1 kHz
for data storage. The HLT is implemented by a computer farm composed
of 16000 CPUs running the same software framework used for the offline
reconstruction. The full detector readout is available at HLT, but in order
to meet the timing requirements given by the input rate from L1, events
are reconstructed in multiple steps and rejected as soon as there is enough
reconstructed information to make a decision.
A list of reconstruction algorithms and filters for one or more physics objects
is called HLT Path. A "HLT Menu" represents the set of trigger paths that, if
enabled, contribute to a final OR of decisions which determines whether to
reject or store an event. A single trigger path can require the presence of
one or more physics objects of a particular type that pass specific kinematic
thresholds, and it can also mix physics objects.
The event rate of each trigger path should be maintained within the
allowed limits given the expected instantaneous luminosity. Trigger paths
with lower thresholds than those necessary to reduce the event rate are kept
in the HLT Menu with a "prescale" factor applied. They are usually employed
to measure the efficiencies of higher threshold triggers.
3
Physics Objects
Stable particles originating from proton proton interactions are identified
combining detector information with the particle flow algorithm. Particle-flow
objects are then used to build physical objects and observables employed at
analysis level.
In this chapter the main physical objects of interest for this analysis are
described. The present search focuses on a final state containing four b-jets
coming from Higgs decays. Jets can be partially merged in case of a moderate
Higgs boost, or totally merged in case of high boost. Several jet reconstruction
algorithms, jet substructure techniques and b-tagging algorithms are considered.
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3.1 Jets
As a result of QCD confinement particles carrying a colour charge, such as
quarks and gluons, cannot be observed free. Quarks and gluons produced in
proton-proton collisions or in unstable particles decays are thus detected as
jets, i.e. a set of stable or almost stable hadrons, and their decay products,
collimated in a narrow cone.
In CMS jets are reconstructed from particle-flow objects using the anti-kT
clustering algorithm [51], as implemented in the FASTJET package [52, 53].
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The algorithm belongs to a class of sequential recombination algorithms
which includes the kT and Cambridge-Aachen algorithms [54, 55]. The three
methods are prevalent in high energy physics nowadays and are adopted
depending on the different analysis strategies.
In each algorithm objects are clustered two-by-two starting from the pair
which minimizes the distance:
dij = min
(
p2nTi , p
2n
Tj
)
· ∆R
2
ij
∆R2
where ∆Rij is defined as
√
(ηi − ηj)2 + (φi − φj)2 and ∆R is a distance
parameter which defines the cone typical amplitude. The sign of n character-
izes each algorithm: in the kT algorithm n is fixed at 1, in the Cambridge-
Aachen at 0, while anti-kT algorithm at -1. The anti-kT clusters radiation
around high pT objects first, so that conical jets of radius equal to the distance
parameter ∆R are produced unless multiple hard objects are clustered.
A narrower cluster distance parameter ∆R of 0.4 has been chosen for
CMS standard jets in Run 2, compared to 0.5 used at 8 TeV. At the same
time larger jets, with a ∆R of 0.8, are employed when looking for boosted
heavy particles decaying to hadrons. In both cases the jet four-momentum is
corrected as a function of η and pT . CMS has adopted a factorized solution
to the problem of jet energy corrections, where each level of correction takes
care of a different effect. The approach is based on the final calibration at 8
TeV, documented in [56]. The corrections can be briefly summarized as:
• Level 1 (L1): Subtraction of the average jet energy coming from pileup
collisions. At 13 TeV, with bunch spacing 25 ns an average of about
13 collisions per bunch crossing is expected. First, tracks coming from
pileup vertices are removed (charged hadron subtraction, CHS). Then
an offset correction is applied to account for residual contamination,
determined from the per-event median energy density computed with
the kT algorithm and from the jet areas.
• Level 2 (L2): Relative jet corrections. The jet energy response is
corrected as a function of η. L2 corrections are measured using dijet
events, assuming pT balance.
• Level 3 (L3): Absolute jet corrections. Jet energy and momentum
are scaled in order to match on average the jet-generating parton.
L3 corrections are calibrated on data using the balancing of Z/γ+jet
events.
The impact of Jet Energy Corrections (JECs) at simulation level is shown in
figure 3.3. The corrections obtained from data and simulation are very similar.
To account for the differences a scale factor can be eventually applied to data.
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(a) Ratio before corrections (b) Ratio after PU corrections (c) Ratio after all JECs
Figure 3.1: Ratio of measured jet pT to particle-level jet pT in QCD MC simulation at various
stages of JEC: before any corrections (a), after pileup offset corrections (b), after all JECs (c).
Here µ is the average number of pileup interactions per bunch crossing [56].
Figure 3.2: Simulated jet responses after the application of the JEC as a function of jet pT
for a range of distance parameters from 0.3 to 1 at
√
s =8 TeV. The response is consistent
with unity within 1% for pT ' 30 GeV. The analysis presented in this thesis is employs 0.4
and 0.8 jet distance parameters at
√
s =13 TeV [56].
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The typical jet energy resolution after applying the energy corrections
is 15–20% at 30 GeV, about 10% at 100 GeV, and 5% at 1 TeV at central
rapidities.
It should be noted that the jet response after corrections depends on the cone
size, as shown in figure 3.1. Larger jets are more sensitive to pileup and and
particles coming from the underlying event. The information carried by these
jets is therefore exploited applying specific algorithms besides the standard
JECs.
3.2 Jet substructure techniques
The energies reached by the LHC (
√
s =13 TeV) allow the production of
heavy particles like vector bosons, Higgs bosons or top quarks with a large
boost compared to their mass. In case of hadronic decays of heavy boosted
objects the quarks emerge very close to each other and only a single jet is
reconstructed by typical jet clustering algorithms.
Jet substructure techniques provide several observables that can be used to
distinguish merged jets originated by boosted heavy objects from the QCD
background. New physics searches benefit from substructure techniques
when looking for heavy resonances coupling to vector bosons, to the Higgs
boson or to a top quark in hadronic final states.
Substructure observables can be divided into two groups: those aiming
to improve the jet mass resolution with a particular jet grooming algorithm,
and those looking at the whole jet shower substructure.
Jet grooming algorithms help suppressing pileup and underlying event
effects, thus improving the discriminating power of the jet mass when it
comes to separate QCD jets from V-like jets.
Typically four different grooming algorithms are considered: filtering
[57], trimming [58], pruning [59, 60] and soft-drop [61]. The algorithms
can be used depending on the specific analysis; a comparison of the perfor-
mance of each algorithm in V-like jets identification is provided in [62]. The
main features of each algorithm are provided:
Filtering algorithm Filtering is an iterative decomposition procedure
which aims to find heavy particles decay products. The jet is broken into
two subjets by undoing its last stage of clustering; the heaviest subjet is then
considered: if there was a significant mass drop compared to the original jet,
and the splitting is not too asymmetric, the original jet is used to define the
filtered mass. Otherwise the procedure is repeated starting from the heaviest
subjet.
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Trimming algorithm Trimmed jets are obtained reclustering jets with
a different sequential recombination algorithm and a smaller distance pa-
rameter. The resulting subjets are included in the trimmed jet if their trans-
verse momentum exceeds a fixed value (pT,subjet > Fcut). Fcut is typically
proportional to HT , the scalar sum of the transverse momenta of all the
reconstructed jets in the event.
Pruning algorithm The idea is to take a jet of interest and then to reclus-
ter it using a vetoed sequential clustering algorithm. At each step i+j → k, if
z = min(pTi , pTj )/pTk < zcut and ∆Rij > Dcut, the recombination is vetoed
and the softest subjet is dropped.
Soft-drop algorithm In the soft-drop algorithm wide-angle soft radiation
is removed through an iterative declustering. The jet is broken into two
subjets: if the two subjets pass the soft-drop condition
min(pTi , pTj )
pTi + pTj
< zcut ·
(
∆Rij
∆R
)β
where ∆R is the jet distance parameter, the original jet is kept as final soft-
drop jet. Otherwise the procedure is iterated on the harder of the two jets.
The parameter β is usually positive, allowing an infra-red and collinear safe
grooming. The soft-drop algorithm is implemented similarly to the filtering
algorithm. However, no mass drop condition is required, as the focus is set
on soft components removal. Moreover the parametrization of the cut allows
for greater flexibility.
In general, the filtering algorithm is the least aggressive grooming tech-
nique, with groomed jet masses close to the original case. Pruning is the
most aggressive technique and if we compare the pruned mass to the orig-
inal jet mass we can identify two different behaviours: in cases where the
pruned jet mass is small, jets usually have most of their energy confined in
core components with little gluon radiation, which leads to narrow jets. In-
stead, when the pruned jet mass is large, the jets are split more symmetrically.
Among the variables exploiting the whole jet shower structure one of the
most used in CMS is the N-subjettiness [63]. The N-subjettiness is defined
under the hypothesis of N jet main components.
The jet elementary components are reclustered using a sequential recombi-
nation algorithm until we are left with N sub-components: at this point we
compute the value of
τN =
1∑
k pT,k∆R
×
∑
k
pT,k ·min(∆R1,k, ...,∆RN,k)
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where ∆R is the original jet distance parameter and k runs over the
jet constituents. The ratio τN/τN−1 tends to lower values for jets with N
sub-components and can therefore be used as a discriminating variable.
The observable which is typically adopted at analysis level to discriminate
Higgs or V-jets, in the two-prong hypothesis, from QCD jets is τ21 = τ2/τ1.
The variable τ32 = τ3/τ2 is used instead as a boosted top tagger for all-
hadronic final states
3.3 Identification of b-jets
b-tagging is extremely important in hadron collider physics analyses with
b-quarks in the final state in order to reduce the large multi-jet background.
It allows to study the top quark decays or to search for particles decaying to
bb¯ pairs like the Higgs boson.
The relatively long half-life of B hadrons, together with a precise vertexing
and an efficient tracking allows to identify b-quark initiated jets. A variety of
reconstructed objects, particularly tracks, vertices and reconstructed leptons,
are used to build observables, which are then combined into discriminating
variables suitable to separate b-jets from light-flavour jets.
In the case of boosted objects decaying to b-quark pairs, b-tagging algorithms
can be applied to subjets or to the global jet. If the boost is large the overlap
between the b-jets reduces the efficiency of the subjet b-tagging, while the
global b-tagging is found to be overall less efficient. A smart combination of
substructure information and classic b-tagging observables can be exploited
to improve b-tagging for highly boosted bb-jets.
B-Hadron properties
Jets containing B hadrons can be distinguished thanks to the B hadron long
lifetime, with cτ ' 500 µm: a B hadron with pT = 50 GeV flies on average
almost half a centimetre (L ' γcτ) after being produced. The relatively long
lifetime of B hadrons is due to the need for b quarks to decay into lighter
quarks (figure 3.3, (a)) as the top mass is kinematically forbidden. The
transition to lighter quarks, belonging to the second or the first family, comes
with a sizeable suppression factor1 and results in a longer lifetime.
The B hadrons’ long lifetime results in a sizeable impact parameter of the
decay products, reconstructed as tracks, with respect to the primary vertex.
1Weak decays of the quarks can result in different family final state, because of the mixing
of weak interaction eigenstates in the mass eigenstate wave-function. The mixing components,
i.e. the out of diagonal elements in the CKM matrix [64, 65], are however small, hence the
reduced decay rate.
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(a) Generic b→ c process in-
side a charged B meson
(b) b-jets chain scheme
Figure 3.3: Schematic summary of the properties used to identify a B hadron decay: typical
feynman diagram (b→ c) (a), sketch of a produced b-jet and its products (b).
Another property of the B hadron decay is the relatively high rate of
lepton production from leptonic decays (around 35%). Leptons can be
identified thanks to their relatively high pT relative to the B flight direction:
leptons from B decays have order of GeV momenta relative to b-jet direction,
because of the B hadron mass (∼ 5 GeV), while leptons in generic jets tend
to be closely aligned with the jet.
b-tagging observables
First of all, b-tagging relies on the measurement of the impact parameters of
the tracks inside the jet. Tracks from a B hadron decay are typically produced
with an impact parameter with respect to the interaction point. Since tracks
from B hadron decays are mostly produced in a cone in the B hadron flight
direction (1/γ opening angle), the B hadron flight direction is approximated
by the jet direction and tracks are sought inside the jet cone.
A dedicated selection which maximizes the efficiency to pick tracks com-
ing from B decays and reject fakes with large impact parameter is necessary
in a good tagging algorithm. Standard track requirements for b-tagging in
CMS include a pT above 1 GeV, at least 8 hits in the tracker, two of which in
the inner pixel detector.
A commonly used variable to tag b-jets is the significance of the track
impact parameter (SIP):
SIP =
IP
σIP
where IP is the 3D impact parameter, and σIP is its uncertainty: tracks
with higher impact-parameter significance have a higher probability to be
originated from b-jets.
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Figure 3.4: The impact parameter significance of the selected tracks for jets in inclusive
multi-jet events [66].
The presence of reconstructed secondary vertex (SV) serves as further
discriminator between b and light-jets. Among the SV variables, the flight
distance and direction, i.e. the vector between primary and secondary vertex,
the SV mass and energy are included in b-tagging algorithms.
CMS standard b-tagging algorithms
Among the jet b-tagging algorithms used during Run 1 by CMS, two are still
adopted in Run 2. These are the Jet Probability (JP) and Combined Sec-
ondary Vertex (CSV) taggers [67]. The CSV algorithm was further upgraded
to CSVv2 [66].
The Jet Probability algorithm computes the likelihood of the jet to originate
from the primary vertex using the associated tracks. The angular distance be-
tween each track and the jet axis is restricted to ∆R =
√
∆η2 + ∆φ2 < 0.3.
Tracks with a negative impact parameter are used to define resolution func-
tions. The negative impact parameter is used since it characterizes the
expectation for light flavour jets for which the signed impact parameter is to
first approximation symmetric around 0.
For each track the probability to originate from the primary vertex is obtained
by integrating the resolution function between the absolute track impact
parameter value and infinity. If the track probability is smaller than 0.5 %, it
is set to a value of 0.5%. The track probabilities are then combined to obtain
the jet probability. The resolution functions depend strongly on the track
quality and are therefore calibrated both for the observed collision data and
the simulated events.
The CSVv2 algorithm is based on the CSV algorithm and combines the
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information of displaced tracks with the information of secondary vertices
associated to the jet using a multivariate technique. The considered tracks
are required to fulfil single-track goodness requirements and should have an
angular distance ∆R with respect to the jet axis smaller than 0.3.
At least 2 such tracks per jet are requested. Additionally, any combination
of two tracks compatible with the mass of the K0s meson is rejected. At
this stage, if there are no tracks associated to the jet, a negative value is
assigned to the algorithm output to signify that there is no information for
b-jet identification.
The training of the algorithm is then performed in three independent
vertex categories. The first vertex category contains jets with at least one
associated reconstructed secondary vertex. The second, called "pseudo
vertex", contains jets whose tracks with an IP significance larger than 2
can be combined in a pseudo vertex, allowing for the computation of a subset
of SV based quantities without an actual vertex fit. When even this is not
possible, a "no vertex" category makes the algorithm revert to track-based
variables.
The following set of variables is given as input for the training:
• the 2D flight distance significance;
• the vertex mass;
• the number of tracks at the vertex;
• the ratio of the energy carried by tracks at the vertex with respect to
all tracks in the jet;
• the pseudo-rapidity of the tracks at the vertex with respect to the jet
axis;
• the significance of 2D and 3D tracks impact parameter respect to the
primary vertex;
• the number of tracks in the jet;
• the angle between the secondary vertex and the jet axis;
• the ratio of the transverse momentum of the summed track four-
momenta and the jet;
• the track decay length and the angle between the track and the jet.
The latter three variables were added to the upgraded CSVv2 with respect
to the original CSV algorithm.
Two variants of the CSVv2 algorithm exist according to whether Inclusive
Vertex Finder (IVF) [68] or Adaptive Vertex Reconstruction (AVR) [69, 47]
vertices are used. The IVF identifies the secondary vertices in a way com-
pletely independent from the jet reconstruction. It can be particularly useful
to perform b-tagging in topology where two or more jets overlap between
them (boosted topology).
38 Physics Objects
(a) JP output (b) CSVv2 output
(c) cMVAv2 output
Figure 3.5: Taggers distributions for the inclusive multi-jet samples. Underflow and overflow
are added to the first and last bins, respectively. The total number of entries in the simulation
is normalized to the observed number of entries in data [66].
Combined MultiVariate Algorithm
A new b-jet identification algorithm has been developed combining the infor-
mation from six different b-jet identification discriminators with a Boosted
Decision Tree (BDT) using the open-source scikit-learn package [70]. This
combined multivariate algorithm (cMVAv2) [66] for b-jet identification is
trained using as input the JP algorithm together CSVv2 algorithm previously
described. In addition to the JP and CSVv2 algorithms (2 versions for each
based on different vertexing algorithms) also the Soft Electron (SE) and Soft
Muon (SM) b-jet identification discriminators are used as input variables for
the cMVAv2 algorithm.
The SE algorithm looks for a reconstructed electron inside the jet cone
(∆R < 0.4). Electrons corresponding to tracks with too few associated hits
or originating from conversions are rejected.
The SM algorithm searches for a muon with a transverse momentum of at
least 2 GeV among the jet constituents.
For both algorithms the following input variables are combined with a BDT:
2D and 3D impact parameter significance of the lepton, the angular distance
(∆R) between the jet axis and the lepton, the ratio of the transverse mo-
mentum of the lepton and that of the jet, and the transverse momentum of
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Figure 3.6: Indicative Performance of the b-jet identification efficiency algorithms showing
the probability for non-b jets to be misidentified as b-jet as a function of the efficiency to
correctly identify b-jets. The curves are obtained on simulated tt¯ events using jets with pT >
30 GeV, b jets from gluon splitting to a pair of b quarks are considered as b-jets. The cMVAv2
algorithm provides the best performance compared to the JP and CSVv2 algorithms for both
c jets as well as light-parton and gluon jets. The improvement of the CSVv2 algorithm with
respect to the Run 1 version of the algorithm is also shown. b-tagging dependencies from pT
and η aren’t considered in this plot [66]
the lepton relative to the jet axis. In the case of the SE algorithm also an
MVA-based electron identification variable is used as input.
Three standard operating points are defined for each b-tagging algorithm.
These operating points, "loose" (L), "medium" (M) and "tight" (T), correspond
to a threshold on the discriminator after which the misidentification prob-
ability is around 10%, 1% and 0.1% for light-flavour jets with a transverse
momentum above 30 GeV. The standard operating points adopted by CMS
during Run 2 are reported in table 3.3.
3.4 The double-b tagger
Given the signature of the signal sought after in this search (heavy X →
HH → bb¯bb¯), b-tagging needs to be adapted to large (∆R = 0.8) jets includ-
ing two b-jets originated from a boosted Higgs. Higgs large jets, or "fat" jets
are tagged combining b-tagging observables (tracks, SVs) and substructure
information.
In Run 1, two different approaches were used by the CMS collaboration:
the fat jet and subjet b-tagging [71, 72], both based on the standard b-tagging
algorithms which take advantage of the tracking and vertexing information.
In the first approach the standard b-tagging algorithm is applied to the fat
jet, while in the latter, subjets are first defined, then b-tagging is applied to
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Tagger operating point value  (%)
JPL 0.245 82%
JetProbability (JP) JPM 0.515 62%
JPT 0.760 42%
CSVv2L 0.460 83%
Combined Secondary Vertex (CSVv2) CSVv2M 0.800 69%
CSVv2T 0.935 49%
cMVAv2L -0.715 88%
Combined MVA (cMVAv2) cMVAv2M 0.185 72%
cMVAv2T 0.875 53%
Table 3.1: Taggers, discriminator threshold and corresponding efficiency for b-jets with
transverse momentum above 30 GeV in simulated tt events. b-jets from gluon splitting to a
pair of b quarks are considered as b-jets [66].
each subjet.
A new approach has been recently developed [73] and it’s used for the
first time at analysis level in this thesis. The tool is currently under validation
inside the CMS collaboration as well.
One of the weak points of the subjet b-tagging is the possible wrong track
assignment or loss when defining subjets. In this case good track informa-
tion can be lost due to not perfect substructure reconstruction. Applying
substructure before b-tagging becomes even more of a problem in highly-
boosted topologies, when subjets become too close and the mixing of subjet
constituents causes standard b-tagging techniques to break down. The aim
of the new approach is to combine substructure information and b-tagging
observables in a smart way, without one hampering the other.
The observables used in jet b-tagging are adapted to deal with the bb¯
topology, substituting the jet axis information with the two τ axes to resolve
the two B hadron decay chains we expect for a H → bb¯ signal. τ axes are
identified as the two directions of the two kT subjets: the jet components are
reclustered with the kT algorithm until two subjets, whose direction defines
the τ -axes, remain.
Tracks with pT > 1 GeV are associated to jets in a cone ∆R < 0.8 around
the jet axis, where the jet axis is defined by the primary vertex and the
direction of the jet momentum. Then each track is associated to the closest
τ -axis. In order to reject tracks from pileup the track-axis distance is required
to be less than 700 µm. The point on the track that is closest to the τ -axis
must be within 5 cm of the primary vertex. The contamination from decay
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products of long-lived particles, e.g. neutral kaons, is reduced by removing
pairs of tracks compatible with the kaon masses within 30 MeV.
The SIP is computed for each track relatively to the the assigned axis. Here is
a summary of the input variables to the double-b tagger MVA discriminant:
• Selected tracks ordered according to decreasing SIP: the first four
values are used as input to the double-b tagger;
• For each τ -axis the first two SIP values are considered, to further
discriminate against single b quark and light flavour jets from QCD
when one or both SV are not reconstructed due to IVF inefficiencies;
• The measured IP significance in the transverse plane with respect to
the beam axis, 2D SIP, of the first two tracks (track) that raises the SV
invariant mass above the bottom (charm) threshold of 5.2 (1.5) GeV;
• The number of SVs associated to the jet;
• The significance of the 2D distance between the primary vertex and the
secondary vertex (flight distance) for the SV with the smallest 3D flight
distance error, for each of the two τ -axes;
• The ∆R between the SV with the smallest 3D flight distance error and
its τ -axis, for each of the two τ -axes;
• The relative pseudorapidity, ηrel , of the tracks from all SVs with respect
to their τ -axis for the three leading tracks ordered in increasing ηrel ,
for each of the two τ -axes;
• The total SV mass, defined as the total mass of all SVs associated to a
given τ -axis, for each of the two τ -axes;
• The ratio of the total SV energy, defined as the total energy of all
SVs associated to a given τ -axis, and the total energy of all the tracks
associated to the fat jet that are consistent with the primary vertex, for
each of the two τ -axes;
• The information related to the two-SV system, the z variable, defined
as:
z = ∆R(SV0, SV1) · pT,SV1
m(SV0, SV1)
where SV0 and SV1 are SVs with the smallest 3D flight distance error for
the first and second τ -axis, respectively, where the τ -axes are ordered
in pT . The z variable helps rejecting the bb¯ background from gluon
splitting relying on the different kinematic properties compared to the
bb¯ pair from the decay of a massive resonance.
Discriminating variables are picked if they have enough classifier sep-
aration (a standard MVA output), small correlation with the other inputs
and improve the QCD background discrimination by at least 5%. In total
27 variables are used as input to the multivariate discriminant. The most
discriminating variables are the SIP for the most displaced tracks, the vertex
energy ratio for the first τ -axis, and the 2D SIP for the first track above
bottom threshold.
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(a) 300< pT <500 GeV (b) 500< pT <800 GeV (c) pT >800 GeV
Figure 3.7: Comparison of the performance of the double-b tagger in three pT ranges, the
minimum CSVv2 value among the two subjets b tag scores, and fat jet b tag which exploits
CSVv2 algorithm. The tagging efficiency for signal is evaluated using boosted H→ bb jets
from simulation. The mistag rate is evaluated for simulated QCD jets containing zero, one or
two b quarks [73].
Double-b tagger performance measurement in data
The working points for the double b-tagger are provisionally defined as
follows: loose ( >0.3), medium ( >0.6) and tight ( >0.9) which correspond
to 80%, 70% and 35% signal efficiency, respectively, for a jet pT of about
1000 GeV. The signal efficiency decreases with pT for each working point, as
expected from the degradation of the tracking performance inside high pT
jets.
The efficiency of the double-b tagger is probed in bb-enriched (from
g → bb¯) data samples. In order to select topologies as similar as possible to a
H-jet, an AK8 jet with pT > 300 GeV and pruned mass > 50 GeV is required.
The jet should additionally be matched to at least two muons, each with
pT > 7 GeV and |η| < 2.4. Each pruned subjet is required to have at least
one muon among its constituents and within ∆R < 0.4 from the subjet axis
(“double-muon tagged”). The measurement relies on the JP discriminant for
flavour identification.
The scale factor are measured for pT in range 300-700 and for the three
operating point points (0.3, 0.6, 0.9)
3.5 Trigger paths
The trigger path PFHT800 is used in this search when tagging two fat jets.
The final filter is based on the Particle Flow HT in the event computed at
HLT level and the 800 GeV threshold is high enough to allow an acceptable
rate without further requirements.
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(a) Double-b tagger efficiency (b) Double-b loose SF
(c) Double-b medium SF (d) Double-b tight SF
Figure 3.8: Double b-tagger efficiency using KK-Graviton as a benchmark; Data/MC efficiency
ratio (SF) for loose, medium and tight double-b tagger requirement obtained with single and
double-muon tagged selections [73].
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A prescaled path with a lower threshold, PFHT350 is used to measure the
trigger efficiency as a function of HT in Data. The measured efficiency is
subsequently used to scale simulated samples. The uncertainty is accordingly
propagated to simulated samples.
The path PFHT800 is fully efficient for resonance masses above ' 1.0 TeV.
In order to improve the sensitivity to lower mass signals trigger paths with
lower thresholds are necessary. Further requirements on substructure vari-
ables and online b-tagging are introduced to maintain the rate acceptability.
The paths used when tagging a boosted jet together with two resolved jets
is a OR comprehensive of the aforementioned PFHT800 path, the substruc-
ture based AK8DiPFJet250_200_TrimMass30_BTagCSV0p45 and two paths
developed for the resolved analysis, which rely heavily on online b-tagging,
namely DoubleJet90_Double30_TripleCSV067 and Quad45_TripleCSV067.
The HLT paths structure can be summarized as:
AK8DiPFJet250_200_TrimMass30_BTagCSV0p45
• L1_SingleJet180 or L1_SingleJet200
• 1 Jet (L1FastJetCorrected AK08 CaloJets) with |η| < 5 and pT > 220
GeV
• Fast Primary Vertex Reconstruction: |z| < 25 cm, r < 2 cm
• Online CSV: 1 CaloJet with CSV > 0.45
• 1 PFJet (Particle Flow Jet, AK08) with |η| < 5 and pT > 250 GeV, 2
PFJets with |η| < 5 and pT > 200 GeV, 1 PFJet with hlt trimmed mass
> 30 GeV
DoubleJet90_Double30_TripleCSV067
• L1_DoubleJet100 or L1_Triple_Jet92_76_64 or L1_HT175 or L1_HTT100
or L1_HTT125 or L1_HTT150
• 2 Jets (L1FastJetCorrected AK04 CaloJets) with |η| < 2.6 and pT > 90
GeV, 4 PFJets with |η| < 2.6 and pT > 30 GeV
• Fast Primary Vertex Reconstruction: |z| < 25 cm, r < 2 cm
• Online CSV: 3 CaloJets with CSV > 0.67
• 2 PFJets (Particle Flow Jets) with |η| < 2.6 and pT > 90 GeV, 4 PFJets
with |η| < 2.6 and pT > 30 GeV
Quad45_TripleCSV067
• L1_QuadJetC60 or L1_QuadJetC45 or L1_HT175 or L1_HTT100 or L1_HTT125
or L1_HTT150
• 4 Jets (L1FastJetCorrected AK04 CaloJets) with |η| < 2.6 and pT > 45
GeV
• Fast Primary Vertex Reconstruction: |z| < 25 cm, r < 2 cm
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• Online CSV: 3 CaloJets with CSV > 0.67
• 4 PFJets (Particle Flow Jets) with |η| < 2.6 and pT > 45 GeV
3.6 Pileup
The high beam intensities provided by the LHC cause multiple proton-proton
collisions per bunch interaction to occur with high likelihood. Most collisions
involve processes with high cross section such as low-pT jet production.
Moreover in CMS, some of the sub-detectors also read data in an extended
time window about the bunch-crossing time. This causes pileup from both
previous and following proton bunches, separated by 25 ns, to affect the
reconstructed event. This effect is known as out-of-time pileup (as opposed
to in-time-pileup). The influence of out-of-time pileup on the event is much
smaller than that of in-time-pileup.
The 13 TeV 2015 run period had on average pileup rate of about 10-11
collisions (figure 3.6). Pileup affects jet momentum reconstruction and b-
tagging, hence the reconstruction of Higgs candidates in each event. The
effect is even more marked for large jets, ad the pileup contribution is pro-
portional to jet cone area.
In order to mitigate these effects an algorithm has been developed to
identify hadronic jets arising from pileup activity [74]. Pileup collisions at
the LHC deposit energy randomly throughout the CMS detector. In some
cases, many low-pT energy deposits can overlap, resulting in one high-pT jet.
The identification of pileup jets is based on two observations: the majority
of tracks associated to pileup jets come from non-primary vertices; pileup
jets originate from randomly overlapping particles, therefore they tend to be
broader than jets originating from one single quark or gluon from he hard
scatter.
At
√
s = 13 TeV, for central jets with 30 < pT < 50 GeV the Pileup jet
identification algorithm rejects 89% of pileup jets while maintaining 96% of
gluon jets [75].
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Figure 3.9: Measured Pileup distribution for the 2015 data taking period (data sample
reduced requiring the HLT bit PHT800). The Pileup scenario given as input in simulation with
its systematic uncertainties is overlaid.
4
Previous di-Higgs searches
In the following chapter a brief overview of the di-Higgs resonances searches
performed by the CMS and ATLAS collaborations during the LHC Run 1 is
given. Additionally, the complementary CMS Run 2 search in the resolved
topology is presented, as its results are used in combination to ensure the best
sensitivity over the entire mass range.
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4.1 Di-Higgs searches at LHC in Run 1
Both the ATLAS and CMS collaborations have searched for resonant Higgs
boson pair production. The HH → bb¯bb¯ channel, benefiting from the higher
SM branching ratio, is the most sensitive for resonances of mass . 400 GeV.
The HH → bb¯γγ channel is found to be more sensitive in the mass range
∼250-400 instead. No evidence of signal has been detected so far.
In particular, ATLAS has first published the results of searches in the
HH → bb¯bb¯ [76] channel and HH → bb¯γγ [77] channel independently. A
global combination which also exploits the HH → bb¯ττ and the HH →
WW ∗γγ [78] channel has later been published. The combination covers
a resonance mass range which goes from 260 to 1000 GeV. The observed
(expected) limits range from 2.1 (1.1) pb at 260 GeV to 11 (18) fb at 1000
GeV, as illustrated in figure 4.1 (a).
The boosted regime, where the Higgs decay products are reconstructed as
a single large jet, has been explored only in the bb¯bb¯ final state and it covers
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Figure 4.1: The observed and expected 95% CL upper limits on gg → HH × BR(HH) at√
s = 8 TeV for the final combination [78]. The expected limits from individual analyses are
also shown. The improvement above 500 GeV is due to the sensitivity of the HH → bb¯bb¯ (a).
Full mass range result obtained in the HH → bb¯bb¯ (b) [76].
a mass range up to 2 TeV. The boosted analysis1 is found to be more sensitive
than the resolved for masses above 1.1 TeV, though the performance drops
around ∼ 1.5 TeV (figure 4.1, (b)) .
The CMS Run 1 searches exploited the HH → bb¯bb¯ [30, 31], HH → bb¯γγ
[29] and HH → bb¯ττ channels [79, 80, 81]. The mass range covered reaches
up to 3 TeV thanks boosted analyses.
In the boosted analysis covering the HH → bb¯bb¯ channel fat jets clustered
with the Cambridge-Achen algorithm and with a distance parameter ∆R
= 0.8 are employed. The signal acceptable phase space is defined as jet
pT > 30 GeV and jet |η| < 2.5. Only the two leading jets in the event are
then considered and the cut |∆η| < 1.3 is applied to reject QCD multi-jet
background.
H-tagging involves the pruned mass, τ21 and b-tag (CSV output) observables.
The H mass region is set at 110 < mH < 135; multiple subjettiness cate-
gories are considered in order to optimize the overall sensitivity in the entire
resonance mass range.
b-tagging is performed via the subjet CSV output for resonance masses up
to 1.6 TeV. In the high boost region the merging of subjets with distance
parameter ∆R = 0.3 becomes significant, the CSV algorithm is therefore
applied to the fat jet directly.
The parallel search in the resolved regime covers the mass range 270-
1From this point onwards, the analysis addressing the boosted regime will be referred for
simplicity as "boosted analysis", while the complementary analysis targeting four unmerged
b-jets will be called "resolved analysis".
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Figure 4.2: CMS Run 1 HH plot
1100 GeV. In this case, for masses above 800 GeV, the selection efficiency is
increasingly limited by the merging of jets from the same Higgs boson and
by the degradation of standard b-tagging techniques.
The kinematic distributions of the decay products vary substantially over the
considered mass range. Therefore, the event selection is optimized in three
main kinematic regions: the low-mass region (LMR) for mass hypotheses
from 270 to 450 GeV, the medium-mass region (MMR) for masses from 450
to 730 GeV, and the high-mass region (HMR) for masses from 730 to 1100
GeV.
The event selection begins with the identification of events containing
at least four jets in the central region of the detector (|η| < 2.4) that are
b-tagged and have pT > 40 GeV. To b-tag a jet, a cMVA2 discriminant value
≥ 0.71 is required.
For the LMR b-jets are paired requiring |mH − 125| < 35 GeV for each
candidate Higgs boson. In the MMR, the moderate boost of the Higgs bosons
is exploited requiring a ∆R12 < 1.5 between the jets associated with an H
candidate. For the HMR, the additional pT > 300 GeV requirement helps to
better discriminate signal events from background.
In all three regions, in case of multiple HH candidates in an event, the
combination with the smallest |mH1 −mH2| is chosen. Finally events are
required to fall within the signal region (SR) defined as√
(mH1 − 125)2 + (mH2 − 125)2 <17.5 GeV
The upper limits on the production cross section of the CMS Run 1
searches are reported in figure 4.1. The HH → bb¯bb¯ channels yields the best
2the Run 1 cMVA discriminant output cover the 0-1 interval, while the Run 2 discriminant
goes from -1 to 1.
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result for masses above ∼ 400 GeV.
One of the weak points of the CMS run 1 result is the not perfect com-
plementarity between the boosted and the resolved analysis. The sensitivity
of the resolved analysis decreases for resonances of mass ∼ 1 TeV, while the
boosted regime search starts at mass 1150 GeV.
The transition region could be addressed either adopting a larger clus-
tering distance for the jets (CMS fat jet are clustered with ∆R = 0.8), or
matching large Higgs jets to resolved b-jet pairs.
4.2 X → HH → bb¯bb¯ in the resolved topology in
Run 2
Two ongoing analyses carried out inside the CMS collaboration address the
HH → bb¯bb¯ channel at√s = 13 TeV: the boosted analysis, which is described
in detail in chapter 5, and the resolved analysis [82], aimed at covering the
lower mass range.
The analysis in the resolved topology is performed for hypothetical sig-
nal masses ranging from 260 to 1200 GeV. The strategy is inspired by the
analogous Run 1 search. Two main kinematic regions are defined in order
to optimize the selection: the low-mass region (LMR) for resonance mass
hypotheses from 260 GeV to 400 GeV, and the medium-mass region (MMR)
for masses from 400 GeV to 1200 GeV.
In both cases anti-kT jets with ∆R = 0.4 are used, while b-tagging is per-
formed by applying a symmetric cut on the tagger (cMVAv2) at the standard
Medium working point.
The search is performed on an integrated luminosity of 2.3 fb−1 collected
in 2015. The b-tag based trigger paths DoubleJet90_Double30_TripleCSV067
and Quad45_TripleCSV067 described in chapter 3, are used to define the
data sample.
The event selection in the MMR, which is the most interesting for a
combination with the boosted topology, begins with the identification of
events containing at least four b-tagged jets with pT > 30 GeV and |η| < 2.5.
The moderate boost information is exploited requiring ∆R12 < 1.5 for the
two jets constituting the Higgs candidates. If more than two dijet couples in
the event match the previous criteria, the Higgs candidates are defined as
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Figure 4.3: Definition SR and side-bands used to model the QCD multi-jet background. On
the two axes mH1 and mH2 are the two reconstructed Higgs boson masses after b-tagging
and kinematic selections for data in medium-mass region
the dijet pair minimizing the χ2 defined as
χ2 =
(
mH1 − 115 GeV
σm
)2
+
(
mH2 − 115 GeV
σm
)2
where mH1 and mH2 are the masses of the reconstructed Higgs-boson candi-
dates, and σm = 23 GeV in the MMR3.
The SR is defined as the area with χ < 1, while the mass side-bands are
two annuli defined by the condition 1 < χ < 1.5, as illustrated in figure 4.3.
The QCD multi-jet background is modelled in data by studying paramet-
ric fits in side-band regions. The "GaussExp" function [30] is used to fit
the distributions in the side-bands, and in b-tag-reverted control regions.
The contribution of tt¯+jets production to the total background is found
to be relatively small (around 10%) and its shape doesn’t affect the final
background shape; it is therefore not treated separately in the background es-
timate. Other background sources contributions are found to be even smaller.
The observed and expected upper limits on the cross section for pp →
X → HH → bb¯bb¯ at a 95% confidence level are computed using the modified
frequentist Confidence Levels method [83, 84]. The limits for the Spin-2 KK-
Graviton, used as a benchmark signal, are shown in figure 4.4. The observed
3The Higgs peak is fixed at 115 instead of 125 GeV based on the calibration in simulation.
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Figure 4.4: The observed and expected upper limits on the cross section for a spin-2 res-
onance; Theoretical cross sections for the RS1 KK-Graviton, with k/MPl = 0.1, kL = 35,
decaying to four b-jets via Higgs bosons are superimposed
upper limits are found to remain within the 2σ band of the expected upper
limits.
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Search for high mass X → HH → bb¯bb¯
The methods used in the search for heavy resonances decaying to HH → bb¯bb¯
are described. For a high mass resonance the Higgs bosons are expected to be
significantly boosted. The higher the mass, the more the outcoming b-jets are
expected to merge. Hence, two approaches addressing different mass regions are
implemented. The details of the offline selection, operating on the physics
objects discussed in the previous chapters, are provided. The criteria are tuned
in order to achieve a high efficiency in the selection of the signal events and in
the reduction of the backgrounds that share the same signature. Finally the
data-driven approach employed to estimate the background is described.
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5.1 Analysis Strategy
The analysis target is a high mass resonance decaying to a pair of standard
model Higgs bosons in the bb¯bb¯ final state. The unprecedent center of mass
energy reached by the LHC potentially allows to extend the Run 1 mass range
beyond 3 TeV. The boosted analysis is therefore designed to efficiently tag
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Figure 5.1: Representation of the target event topologies.
boosted Higgs bosons and to be sensitive as far as the available amount of
data enables to.
At the same time, the necessity to complement the CMS resolved analysis,
together with the lack of sensitivity of the CMS Run 1 searches for resonances
of mass around 1 TeV, called for a different and complementary approach in
the transition region between the boosted and the resolved regimes.
In the transition region the Higgses are moderately boosted, hence the b
quarks can be reconstructed either as two unmerged jets or as one large jet.
One can envisage an analysis strategy based on a larger jet cone (∆R & 1)
compared to the one used in the boosted analysis. An alternative approach
consists in the reconstruction of one Higgs as a single jet and of the other as
two separate b-jets, to recover events not falling into one of the two main
regimes.
An event reconstruction based on the matching of one Higgs jet to two
b-jets is investigated for the first time in the study carried out for this thesis.
This approach complements not only the boosted analysis in the lower range,
but also the resolved analysis in the upper range, thus allowing to explore
the full potential of the HH → bb¯bb¯ channel. The target event topologies are
pictured in figure 5.1.
A data-driven background estimate, exploiting multiple control regions,
is implemented in both the topologies.
5.1.1 Signal Signature
This search aims to be as model independent as possible, and only a few
necessary assumptions are made to define the target signature.
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The target object is a high mass narrow-width resonance decaying to a
pair of standard model Higgs bosons. The signal signature is defined restrict-
ing to Higgses decaying to bb¯, resulting into four bottom quarks. The final
state benefits from the large H → bb¯ branching ratio, which is around 57%
according to the SM predictions.
For a high mass resonance, defined by the condition mX >> 2mH , where
mX is the mass of the resonance, each Higgs boson is produced with a large
Lorentz boost and the b quarks produced from its decay are collimated along
its direction of motion. The hadronization of a pair of narrowly separated b
quarks can be reconstructed as a single jet of mass compatible with mH . The
standard fat jet distance parameter (∆R = 0.8) used by CMS for boosted
objects is suitable for this topology, as one can see in figure 5.2 (e). The green
line in the plot represents the fraction of b quarks emerging at distances
∆R ≤ 0.8 at MC truth level, which are expected to be reconstructed as a fat
jet.
The sensitivity of this approach is expected to decrease for mX . 1 TeV
as it’s not always possible to reconstruct the bb¯ pair in a single jet in case of a
moderately boosted Higgs. Meanwhile, in the upper mass range (mX & 3
TeV) the sensitivity is limited by the low statistics. A different strategy has
been employed inside the CMS collaboration for masses below 1 TeV. In this
case four b-tagged jets with ∆R = 0.4 represent the signal signature. As
both approaches were found to be suboptimal in the transition region, in
thesis a "mixed" signal signature is for the first time considered. The analysis
−soon to be added to current CMS searches− will be called semi-boosted
analysis since just one Higgs is reconstructed as a boosted object.
In the semi-boosted analysis the Physics Objects used in the boosted (H
tagged fat jets) and in the resolved regimes (b-tagged jets, with ∆R = 0.4)
are matched in order to recover events in which one of the bb pairs is re-
constructed as a single jet, while the second appears as pair of narrower
jets. The likelihood of a signal event falling into this category can be roughly
estimated looking at the quantity ∆Rbb at generator level (figure 5.2, blue
category).
A wide range of mass hypotheses is tested. The boosted regime upper
bound is set at 3 TeV, as the the sensitivity decreases due to the low statistics.
The lower bound is set at 800 GeV, as we enter the resolved regime. The
event reconstruction addressing the transition region is tested instead in the
mass range 600-2000 GeV. It is expected to yield the best signal efficiency in
the range ∼700-1000 GeV.
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Figure 5.2: 2-D plot of ∆Rbb for the two b-quark pairs coming from Higgs decays, coming
out from resonances of different masses (a-d). Efficiency for each category at generator level
(e). A significant number of events in the transition region from the resolved to the boosted
regime (masses in range 700-1000) can be reconstructed looking for a partially merged final
state.
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5.1.2 Expected Background Processes
Since we are looking for new resonances decaying in an all-hadronic final
state, the largest background source for this search comes from QCD multi-jet
production. Only the events containing relatively hard processes (HT & 300
GeV at least) are expected to contribute in the aimed mass range. Neverthe-
less the cross section is expected to be of order of hundreds nb. If one takes as
a reference the double-b tagger Medium working point, which was found to
be suitable for this search, the mistag rate is ∼ 10−2 for light quarks. As the
selection is applied twice, we are still left with ∼10 pb of background events.
Additionally, final states containing b quarks can contribute. In this case the
cross section is lower as bottom quarks production comes with a suppression
factor of about an order of magnitude, but a final state containing b quarks
is more likely to mistagged. The jet invariant mass becomes therefore one of
the key variables to reduce multi-jet background, which tends to have low
jet mass values.
Other processes such as tt¯+jets associated production are expected to
contribute. In this case high-pT top quarks decaying into an all-hadronic final
state containing b and c quarks can be mistagged as the signal signature. The
production cross section is of order of 800 pb for this process.
Finally other reducible background sources expected to yield small contri-
butions are dibosons associated productions and W/Z+jets production. In
this case vector bosons decaying hadronically might mimic the H → bb¯ signa-
ture. The cross section are of order of 100 pb or lower for the latter processes.
The modelling of the background is discussed in section 5.2, after the
basic selection cuts are presented.
5.1.3 Data and simulated Samples
The analysis is performed using proton-proton interaction data collected by
CMS experiment at
√
s = 13 TeV. The data sample is required to meet basic
quality criteria and corresponds to an integrated luminosity of 2.69 fb−1.
Two CMS primary datasets, i.e. large sets of data collected requiring a bunch
of convenient trigger paths, are combined in order to address the transition
region without losing signal efficiency. The datasets, divided by data-taking
period, are listed in table 5.1.
The simulated samples used to test the data-driven background estimate
and to optimize the search working points are listed in table 5.2, together
with the theoretical cross section and their equivalent luminosity. The tt¯+jets
sample has been simulated using Powheg [85]. The W+jets and multi-jet
backgrounds have been generated with Madgraph [86], and the di-bosons
production processes with Pythia8 [87]. The parton hadronization has been
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Dataset Int. lumi. (pb−1)
JetHT/Run2015C_25ns-16Dec2015-v1 2,614
JetHT/Run2015D-16Dec2015-v1 77
BTagCSV/Run2015C_25ns-16Dec2015-v1 2,614
BTagCSV/Run2015D-16Dec2015-v1 77
Table 5.1: List of primary datasets for the pp collisions at
√
s = 13 TeV and their correspond-
ing integrated luminosity.
computed using Pythia8, while the detector ha been modelled using GEANT4
[88].
A data-driven background estimate is employed. One of the motivations
is the relatively low statistics of the MC samples in the lower HT bins.
The QCD_HT-300to500 and QCD_HT-500to700 have sizes respectively of
20,312,907 and 19,755,616 events, corresponding to lower luminosities than
the data itself.
Process σ(pb) lumi(pb−1)
QCD_HT-300to500 3.513× 105 57.8
QCD_HT-500to700 3.163× 104 624.6
QCD_HT-700to1000 6.831× 103 2283.0
QCD_HT-1000to1500 1.207× 103 4114.4
QCD_HT-1500to2000 119.9 3.31× 104
QCD_HT-2000toInf 25.24 7.86× 104
TTJets (powheg+pythia8) 831.76 1.15× 104
WW (pythia8) 118.7 2740.2
WZ (pythia8) 47.13 7271.9
ZZ (pythia8) 16.52 2.06× 104
WJetsToQQ_HT-600ToInf 95.14 1.07× 104
(madgraph+pythia8)
Table 5.2: List of background MC samples used. The cross sections σ (LO) and equivalent
luminosity of the samples are also given.
The simulated signal used as a benchmark in this search is the Spin-2
bulk graviton, produced in the dominant gluon-gluon fusion mode. The MC
samples have been generated with the parameters reported in [33]. The
parton hadronization has been computed using Pythia8. The CTEQ6L [89]
parton density functions are used and no mixing between the radion and
the Higgs boson is considered. The spin-2 KK-graviton simulated samples
available are listed in table 5.3. In order to be able to cover the search
for a narrow-width resonance in the full mass range, the signal model is
interpolated between the existing simulated samples according to the mass
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resolution. Interpolation is performed using the RooIntegralMorph class
[90], which allows histogram interpolation.
Sample Size
GluGluToBulkGravitonToHHTo4B_M-600_narrow_13TeV-madgraph 99,816
GluGluToBulkGravitonToHHTo4B_M-650_narrow_13TeV-madgraph 99,876
GluGluToBulkGravitonToHHTo4B_M-700_narrow_13TeV-madgraph 99,134
GluGluToBulkGravitonToHHTo4B_M-750_narrow_13TeV-madgraph 99,751
GluGluToBulkGravitonToHHTo4B_M-800_narrow_13TeV-madgraph 99,959
GluGluToBulkGravitonToHHTo4B_M-900_narrow_13TeV-madgraph 98,364
BulkGravTohhTohbbhbb_narrow_M-1000_13TeV-madgraph 49,992
BulkGravTohhTohbbhbb_narrow_M-1200_13TeV-madgraph 49,995
BulkGravTohhTohbbhbb_narrow_M-1400_13TeV-madgraph 49,993
BulkGravTohhTohbbhbb_narrow_M-1600_13TeV-madgraph 49,972
BulkGravTohhTohbbhbb_narrow_M-1800_13TeV-madgraph 49,985
BulkGravTohhTohbbhbb_narrow_M-2000_13TeV-madgraph 49,988
BulkGravTohhTohbbhbb_narrow_M-2500_13TeV-madgraph 49,192
BulkGravTohhTohbbhbb_narrow_M-3000_13TeV-madgraph 49,790
Table 5.3: List of Monte Carlo samples used.
5.1.4 Trigger
As previously mentioned in chapter 3, the analysis presented in this thesis
uses two different trigger strategies depending on the mass of the target
resonance.
For high mass resonances the HT based path PFHT800 is used. The path final
requirement is HT , i.e. the scalar sum of the transverse momenta of Particle
Flow jets with |η| < 3 and pT > 40 GeV, greater than 800 GeV. The efficiency
is close to 100% for high mass resonances, as in an all-hadronic final state,
at least two extremely energetic jets are produced.
The approach used for background modelling in this search is entirely
data-driven. Therefore, in order to make the final result as independent as
possible from simulations, the trigger efficiency is measured directly on data
as well.
The efficiency is measured as a function of the event HT on a reduced
data sample selected applying the prescaled PFHT350 trigger path. The mea-
sured turn-on (reported in figure 5.3 (b)) is then used as a weight. The
efficiency, with its statistical uncertainty, is propagated to simulated samples
as a function of the above defined HT . The signal efficiency for this path is
reported in table 5.4.
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Figure 5.3: PFHT800 trigger path efficiency in Data. The prescaled path PFHT350 is used as a
reference to measure the efficiency.
MX (GeV) 800 900 1000 1200 1400 1600 1800 2000 2500 3000
Eff.(%) 58.3 82.4 92.6 98.1 99.3 99.6 99.7 99.8 100 99.7
Table 5.4: Trigger PFHT800 efficiency as a function of MX . For MX < 800 GeV the efficiency
falls below 50%. The statistical uncertainty on the trigger efficiency can be computed
assuming a binomial probability of passing the selection, and considering the sample size
reported in table 5.3. It is greatest for the 800 GeV mass point (58.3±0.1%).
Nevertheless, the path PFHT800 is available also in simulation and it is
used to validate the background estimate procedure in Monte Carlo samples,
as reported in section 5.2.
For resonances in the lower mass range, when targeting b-jets in the
semi-boosted regime, the PFHT800 path doesn’t allow a good signal efficiency.
In order to exploit the mass region around and below 1 TeV the OR of four
trigger paths is used. The paths are not specifically designed for this analysis,
but the full set of trigger requirements happens to fit the signal efficiency
requirements.
The OR includes the PFHT800 path, the substructure based
AK8DiPFJet250_200_TrimMass30_BTagCSV0p45 and two paths developed for
the resolved analysis, which rely heavily on online b-tagging,
DoubleJet90_Double30_TripleCSV067 and Quad45_TripleCSV067. The re-
quirements of the latter three paths are summarized in chapter 3. Two
CMS primary datasets, i.e. large sets of data categorized according to an
OR of trigger paths, are needed to implement the desired OR, as shown in
figure 5.4. Working with two primary datasets causes little trouble, since
events passing a global OR selection, e.g. the JetHT or the BTagCSV global
ORs, and the analysis OR eventually happen to pass also the second global
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Figure 5.4: Scheme of the trigger paths included in the semi-resolved analysis. Two CMS
primary dataset are used to build the final OR. Double counting is avoided vetoing the
PFHT800 and AK8DiPFJet250_200_TrimMass30_BTagCSV0p45 paths in the BTagCSV primary
dataset.
MX (GeV) 600 650 700 750 800 900 1000 1400 1600 2000
Eff.(%) 58.5 65.7 75.2 83.6 89.0 94.9 97.5 99.7 99.8 100
Table 5.5: OR Trigger efficiency as a function of MX . For MX < 600 GeV the efficiency falls
below 50%. The statistical uncertainty can be computed assuming a binomial probability of
passing the selection, and considering the sample sizes reported in table 5.3. It is of order of
0.1 at ∼60% efficiency.
OR selection, and are counted twice. Double counting is avoided veto-
ing the AK8DiPFJet250_200_TrimMass30_BTagCSV0p45 and PFHT800 paths
in the BTagCSV primary dataset.
In this case, given the difficulty in measuring the efficiency of each path in
data and combining the results (taking into account all the correlations),
the simulated trigger bits are used for the signal. A larger trigger systematic
affects therefore the semi-boosted analysis.
5.1.5 Event Reconstruction in the fully-boosted topology
Preselection
The dataset is identified requiring the trigger bit PFHT800. Events are required
to have at least two central fat jets within the tracker acceptance (|η| < 2.4)
with pT > 300 GeV. The pseudorapidity difference between jets meeting the
above criteria is then examined: the two jets with highest pT and with a
pseudorapidity difference |∆η|<1.3 are kept as potential Higgs candidates.
The |∆η|<1.3 requirement is intended to reduce the QCD multi-jet con-
tribution to the background. In case of a spin-2 graviton the cut is actually
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sub-optimal, as the bulk of the pseudorapidity difference distribution is
shifted towards lower values. Regardless, a looser selection is applied to
preserve model-independence.
Jets are further required to pass CMS standard tight jet identification
requirements [91] summarized in table 5.6.
Variable Cut
Neutral Hadron Fraction <0.90
Neutral EM Fraction <0.90
Number of Constituents >1
Muon Fraction <0.8
Charged Hadron Fraction >0
Charged Multiplicity >0
Charged EM Fraction < 0.99
Table 5.6: Tight PF jet identification quality criteria used in the analyses.
H-tagging
The observables used to tag H-jets are the τ21 subjettines, the pruned mass
and the b-tagging algorithms.
The newly developed double-b tagger has been employed at analysis level
for the first time in this search. Therefore a rough preliminary performance
test at preselection level was initially performed. The double b-tagger was
compared to the subjet b-tagger (CSV algorithm) and to the τ21 subjettines.
The receiver operating characteristics (ROCs) for each variable are reported
in figure 5.5 for three different mass points. The cuts are applied symmetri-
cally to both jets and to the subjets in the subjet b-tagger case. Simulated
background samples are used to measure the mistag rate. The background
efficiency has been measured in an invariant mass window about the tested
signal in order to avoid a possible pT -dependence.
A good overall double-b tagger performance is observed at preselection
level. Especially at higher masses (4.5 TeV mass point) the performance is
not dropping significantly. In this respect, the discriminator looks promising
for future searches, when a greater amount of data will be available.
The double-b tagger and τ21 working points have been subsequently
optimized across the entire mass range. The cuts are applied symmetrically
to both jets.
The amount of statistics in the highest mass range turns out to be very low.
Hence, the double b-tagger Medium working point and a relatively loose τ21
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(a) mX = 1000 GeV (b) mX = 2500 GeV (c) mX = 4500 GeV
Figure 5.5: Preliminary ROC performance of H-jet tagging variables. The double-b tagger
combines substructure and b-tagging information, so that standalone performance looks
better than for a standard b-tagger or substructure variable.
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Figure 5.6: Cutflow Boosted Analysis
cut (τ21<0.6) are applied to maintain a good overall sensitivity. In future
analyses multiple mass categories can be exploited in order to achieve better
performances.
Finally the Signal Region is identified requiring 105 GeV < mj < 135 GeV,
for the pruned mass of both H-candidates. The distribution of the jet pruned
mass for the signal peaks indeed at 115 GeV, therefore the window is slightly
asymmetric with respect to the reconstructed peak. The lower bound is set
at 105 to avoid overlaps between the Z0H → bb¯bb¯ and HH → bb¯bb¯ analyses.
Additionally, a slightly asymmetric window is helpful in background rejection
as the QCD jets’ mass distribution is markedly left-skewed.
The selection efficiencies for each signal mass point after each cut are
reported in figure 5.6. The corresponding numbers are reported in table 5.7.
The Data Sample cutfow is reported in table 5.8.
64 Search for high mass X → HH → bb¯bb¯
mX [GeV] 800 900 1000 1200 1400 1600 1800 2000 2500 3000 4000
Trigger 0.58 0.82 0.93 0.98 0.99 1.0 1.0 1.0 1.0 1.0 1.0
Presel 0.28 0.56 0.75 0.84 0.85 0.86 0.86 0.86 0.86 0.86 0.86
bb-tag 0.1 0.24 0.34 0.38 0.37 0.35 0.34 0.33 0.3 0.26 0.21
bb-tag, τ21 0.06 0.16 0.23 0.28 0.28 0.27 0.26 0.25 0.22 0.19 0.14
SR 0.03 0.08 0.11 0.12 0.12 0.11 0.11 0.1 0.09 0.07 0.05
Table 5.7: Number of events selected after each cut.
Cut trigger presel bb-tag>0.6 τ21 < 0.6 SR
Nev 8.24 ×106 3.65 ×106 3.15 ×104 2,686 85
Table 5.8: Number of events selected after each cut.
Invariant mass resolution
The signal extraction consists in the search of a narrow peak in the invariant
mass spectrum. It is therefore of utmost importance to have good invariant
mass resolution.
The invariant mass distribution is built using the two leading Higgs-tagged fat
jets in the event. It is well known that techniques such as kinematic fit that
constrain the mass of each Higgs candidate to mH improve the resonance
resolution and ultimately the sensitivity. This has been exploited in the
resolved case [30, 82]. In the boosted case, an independent study [92] has
found the variable
mX,red = mX − (mjet1 +mjet2) + 2mH
where mjet1, mjet2 are the masses of jets 1 and 2, and mH = 125 GeV, to
provide the best resolution improvement and the mean position and no
bias in the mass distribution. The resolution improvement is of ∼15%. An
example of the improvement is given in Fig. 5.7.
5.1.6 Event Reconstruction in the semi-boosted topology
The event selection in the semi-boosted topology takes advantage of the
studies performed for both the boosted and resolved analyses.
After requiring the chosen trigger, the sample is further downsized asking a
lepton veto to reduce the background tt¯ contribution. The target object used
as a preliminary signal signature is an energetic (pT > 200 GeV), massive,
central (|η|<2.4) fat jet. The leading fat jet was found to match almost
unequivocally a signal Higgs in simulation in the boosted topology; an ad-
ditional pruned jet mass mj>40 requirement helps to reject comparable
momentum QCD jets. The fat jet is b-tagged using the double-b tagger dis-
criminator. The Tight (> 0.9) working point has been found to be suitable
for this search.
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Figure 5.7: Dijet mass for bulk graviton with MX = 1.8 TeV: Mjj is shown as black line
(labelled as Raw Mjj) and Mjj,red as the red area. The distribution σ improves from 77 Gev
to 66 GeV. The simulated spectrum (bottom) is not significantly affected.
The subsequent event reconstruction revolves around the tightly b-tagged,
massive fat jets found in the event. Central jets with pT > 30 GeV are consid-
ered. An exclusion cone of radius ∆R = 1.5 about the fat jet axis is defined
to reject possible Higgs candidates reconstructed both in the boosted and in
the resolved topology.
The jets outside the exclusion cone are tagged requiring a b-tag (cMVAv2)
Medium value (> 0.185). The moderate boost information is exploited
requiring a relative distance ∆R12 < 1.5 between the two b-jets. If the
requirements are met, the b-jet pair is deemed as Higgs candidate together
with the relative fat jet.
In case of multiple HH candidates in an event, the combination with the
smallest mass difference |mH1 −mH2| is chosen, as in the resolved analysis.
Finally the Signal Region is identified requiring 105 GeV < mj < 135 GeV,
for both the fat jet H-candidate (pruned mass) and the dijet H-candidate.
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Figure 5.8: Signal Region Definition for semi-resolved analysis. We can observe a slightly
worse resolution for the dijet mass.
mX [GeV] 600 650 700 750 800 900 1000 1400 1600 2000
Trigger 0.59 0.66 0.75 0.84 0.89 0.95 0.97 1.0 1.0 1.0
Fatjet 0.17 0.25 0.34 0.42 0.48 0.53 0.56 0.56 0.54 0.50
2+1 matches 0.07 0.11 0.15 0.18 0.20 0.23 0.24 0.20 0.16 0.12
HH candidates 0.05 0.08 0.12 0.15 0.17 0.19 0.20 0.12 0.08 0.03
SR 0.02 0.03 0.05 0.07 0.08 0.10 0.10 0.06 0.04 0.02
Table 5.9: Number of events selected at each selection stage.
The mass window criterion for the fat jet has been chosen according to the
boosted analysis, while the dijet mass window has been optimized indepen-
dently. The distributions turn out to be similar anyway.
The fat jet pruned mass and dijet mass distributions for H-candidates are
reported in figure 5.8. The mass SR is shadowed in grey.
Finally, if multiple massive tightly b-tagged fat jets are present in the
event the selection algorithm is iterated on the mass-sorted fat jet collection
until a potential di-Higgs candidate is eventually found.
The selection efficiencies for each signal mass point after each cut are
reported in figure 5.9. The corresponding numbers are reported in table 5.9.
The Data Sample cutfow is reported in table 5.10.
Dataset trigger Fatjet 2+1 matching HH-candidates SR
BTagCSV 2.03 × 106 1.76 × 105 1.82 × 104 7,495 37
JetHT 1.70 × 107 4.65 × 105 1.29 × 104 4,333 101
Table 5.10: Number of events selected after each cut.
5.2 Background Estimate 67
Signal Mass [Gev]
500 1000 1500 2000 2500 3000 3500
Si
gn
al
 E
ffi
cie
nc
y
2−10
1−10
1
Trigger
1 suitable Fatjet
1 + 2 suitable jets
HH candidates
Signal Region
 (13 TeV)
CMS
Simulation Preliminary
Figure 5.9: Cutflow Semi-Resolved Analysis
Validation of the selection
The efficiency of the event reconstruction has been tested on MC samples.
The reconstructed triplets (1 fat jet + 2 jets) are matched to the Higgses and
b-quarks at generator level. A good reconstruction efficiency and low mistag
rate has been observed overall. The reconstructed signal has been found to
be ∼ 97 % pure (figure 5.10). The invariant mass of the triplets has not been
further corrected in this case.
5.2 Background Estimate
The background estimate in the analysis is entirely data-driven. It relies on
the definition of multiple QCD dominated control regions built modifying
two quality cuts (b-tagging or H-tagging variables). The control regions are
designed to be kinematically similar to the signal region but with minimal
signal contamination. The method exploits a greater number of control re-
gions than the classic ABCD-method, it has therefore been named "Alphabet
method".
Alphabet method in the boosted topology
In the boosted topology the definition of the control regions relies on the
leading-pT jet tagging variables. The pruned mass and the double b-tagger
value are considered: based on these two variables several subsets of events
are defined, as outlined in Figure 5.11. Two main subsets are defined based
on the double-b tagger value of the leading jet: The Tag Region is made of
events which pass the double-b tagger requirement we impose on our signal.
The Anti-Tag Region is the subset of events which fail the double-b tagger
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(a) MX = 600 GeV
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(b) MX = 650 GeV
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(c) MX = 700 GeV
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(d) MX = 750 GeV
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(g) MX = 1000 GeV
Invariant Mass [GeV]
500 1000 1500 2000 2500 3000
Ev
en
ts
/(3
 G
eV
)
0
2
4
6
8
10
12
14
16
18
20
22
24
0 matched objects
1 matched objects
2 matched objects
3 matched objects
purity 97%
 (13 TeV)CMS        Simulation Preliminary
(h) MX = 1400 GeV
Figure 5.10: Test of the correct assignment efficiency for the transition region selection for
different mass points.
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requirement.
Both in the Tag and Anti-tag region multiple mass side-bands are defined
outside the Higgs mass window; the Anti-tag region meeting the signal mass
requirements is referred to as Control Region (CR).
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Pass/Fail
Ratio 
Figure 5.11: Schematic representation of the regions used to perform the background
estimation using the Alphabet method. The sideband regions fail the H-jet mass requirement.
The anti-tag region fails the double b tagger discriminator cut.
For the QCD multi-jets background, we expect the shapes of the invariant
mass distributions of events in the Tag and Anti-tag regions to be similar.
A tagger pass-fail scale factor should therefore be applied to normalize the
invariant mass distribution in the CR and predict the background distribution
in the SR.
The pass-fail ratio is estimated via interpolation from mass side-bands
adjacent to the mass SR, to account for the possible pruned mass dependence
of the double-b tagger.
The double b-tagger requirement pass-fail ratio is calculated in four different
mass side-bands, ranging in ascending mass order from 50 to 75 GeV, from
75 to 105, from 135 to 160 and from 160 to 200 GeV. The values are fitted
with a second order polynomial as a function of the difference of the mass
side-band central value from the mass SR central value.
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Results in Simulation
Figure 5.12 (left) shows a quadratic fit in the mass side-bands of the pass-fail
ratio normalization factor in QCD MC for the full selection. Note that the
Signal Region and CR regions are left blinded for this fit. This conversion
rate is then applied (as a function of pruned mass, event by event) to the
Control Region to obtain an estimate of the Signal Region. The estimated
and true background in signal region are shown in Figure 5.12 (right).
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Figure 5.12: MC closure test: (left) Fit in the mass sideband regions for the pass-fail ratio
and (right) application of that fit to the anti-tag region to estimate the background in the
signal region (filled histogram), compared with the true background (black markers).
Since the double b-tagger pass and fail region are orthogonal a binomial
error can be applied to  = NPASSNTOT and the 1−  =
NFAIL
NTOT
ratios, and an error
∆r =
1
(1− )2 ×
√
(1− )
NTOT
is applied to each pass-fail ratio given as input to the fit.
Two systematic uncertainties arise from this estimate. The dominant
error source is the uncertainty in the fit to the mass sideband regions. The
uncertainty in the fit is shown as a dashed line enveloping the fit in figure
5.12. This error can be treated as fully correlated between all mass bins when
extracting the signal significance. The second source of error comes from
propagating the statistical uncertainty in the anti-tag region to the signal
region. This error is uncorrelated between bins and is smaller than the fitting
error.
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Resonance mass dependency check
The pass-fail ratio is computed without taking into account a possible reso-
nance mass dependency. This choice is justified in the double-b tagger case as
the discriminator has been designed to have a low pT -dependence of the fake
rate. Multiple checks have been performed in order to ensure the validity of
this assumption.
Figure 5.13 shows the invariant mass dependency of the double b-tagger
as a function of the jet pruned mass, before and after the τ21 cut. Two
large invariant mass bins are represented. The double-b tagger has been
chosen over the τ21 variable because the τ21 conversion rate measured has a
dependence on the event dijet mass, as shown in Figure 5.14.
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Figure 5.13: Dependence of th double b-tagger on the jet mass, before (top) and after
(bottom) the application of the τ2/τ1 cut.High dijet mass (1500 GeV) and low dijet mass
(700 − 1500 GeV) events are separated. The solid curve represents the profile distribution
of a respective region while the dashed line is the profile of the other dijet mass region.The
double b-tagger has no significant dependence on the jet pT , making it a stronger candidate
for use in the background estimate than τ2/τ1.
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Figure 5.14: Dependence of τ2/τ1 on the jet mass, before (top) and after (bottom) the
application of the double b-tag. High dijet mass (1500) and low dijet mass (700− 1500 GeV )
events are separated. The solid curve represents the profile distribution of a respective region
while the dashed line is the profile of the other dijet mass region.
A MC study of the dijet mass or jet pT dependence of the pass-fail ratio
with a looser working point is reported in Appendix B. The study has been
performed applying the above described Alphabet method dividing the sam-
ple in bins of invariant mass. The pass-fail ratio fit is repeated for each bin.
As a consequence, the estimated background shape is closer to QCD invariant
mass shape in the signal region. The estimate is however affected by a larger
systematic uncertainty caused by the low number of events given as input to
the fit.
The resonance mass dependency check has been performed also on data,
exploiting four large invariant mass bins. The results are compatible with
the unbinned technique.
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Closure test in Data
A further closure test in data has been performed reverting the double b-
tagger requirement for the subleading-jet. Such a requirement is necessary
to keep the Signal Region blind while the method is being validated. The
estimated background and the Control Region invariant mass shape are
found to be compatible in this case (fig. 5.15).
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Figure 5.15: Data 1-reverted/2-reverted closure test: (left) Fit in the mass sideband regions
for the pass-fail ratio and (right) application of that fit to the anti-tag region to estimate the
background in the signal region (filled histogram), compared with the true background (black
markers).
Alphabet method in the semi-boosted topology
The Alphabet method is used in the semi-boosted topology as well. In this
case, three taggers are available to be reverted: either the fat jet double-b
tagger, or one or two b-tag cuts for the the jets paired to make a Higgs
candidate. In order to look at a Control Region as close as possible to the
Signal Region only one jet b-tag requirement has been reverted (fig 5.16).
The double b-tagger couldn’t be reverted as the online b-tagging require-
ments shaped differently the SR and CR spectra.
The chosen mass side-bands are square-shaped windows in the dijet mass-fat
jet pruned mass plane. The pass-fail ratio is computed in three large bins of
invariant mass, to address the invariant mass dependency. The bins range
in ascending mass order from 440 to 750 GeV, from GeV to 1000 GeV, and
from 1000 to 2250 GeV. The Tag (right) and Anti-tag (left) regions, and the
relative CR, SR and mass side-bands are represented in figure 5.17.
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Figure 5.16: Representation of the events defining the CR in the semi-boosted topology.
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Figure 5.17: Illustration of the chosen SR, CR and mass side-bands in the Anti-tag and in
the Tag region for the semi-boosted analysis. The boundaries of the squares in the fatjet-dijet
mass plane are 65-85, 85-105, 105-135, 135-155 and 155-200 GeV.
5.3 Signal extraction
The analysis strategy in both regimes consists in a search for a narrow res-
onance, which is expected to be detected as a peak in the invariant mass
distribution with respect to estimated background. Histogrammed shapes
are passed to the fitter, hence the signal extraction is basically a binned
cut-and-count experiment.
Both the signal and the background invariant mass distributions histograms
are binned according to the invariant mass resolution. Bin width increases as
the invariant mass grows. In the boosted analysis the bin width is for example
50 GeV at mX,red = 1 TeV, 100 GeV at mX,red = 2 TeV and 120 GeV at the
mX,red = 3 TeV. A similar binning is employed in the semi-boosted case: the
width is 70 GeV up mX,red = 1.5 TeV, and it is subsequently increased up to
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Figure 5.18: Example of the binned shapes given as input to fit (prefit distributions).
∼150 GeV at mX,red = 2 TeV.
In order to calculate the expected sensitivity to a given signal, and the
probability of it being seen in data, the signal and background shapes, with
the related systematic uncertainties, are encoded in mathematical form into
a likelihood function. A binned likelihood fit is employed in this search.
The fits to data and the calculations are performed using the statistical
methodology developed at the LHC by the ATLAS and CMS collaborations
for the combination of Higgs search results in different channels [84].
Background and signal histograms are given as inputs, as well as various
systematics like normalization and/or shape uncertainties. The different
components considered in the final fit are:
• the background shape histogram
• the signal shape histogram
• the systematic uncertainties given as shapes (fit uncertainty, etc.) or as
normalization factors
The binned likelihood methodology can be briefly summarized as follows:
• The likelihood function for the input dataset given the expected back-
ground and the signal multiplied by the µ modifier reads:
L(data|µ, θ) =
∏
bins
Poisson(data|µ · s(θ) + b(θ)) · p(θ˜|θ)
The likelihood includes the nuisance parameters given as input, θ˜, and
their respective density functions
• The likelihood function is used to build the test statistic
qµ = -2ln
L(µ, θˆµ)
L(µˆ, θˆ)
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where θˆµ represents the maximum-likelihood nuisance parameters as a
function of µ, and µˆ, θˆ in the denominator are the maximum likelihood
estimators for both the modifier µ and the nuisances
• The nuisance parameters best describing the dataset in signal+back-
ground and in the background hypotheses are fitted
• Given the above nuisances, the probability density functions of the
test statistic in the background (q0) and in the background+signal (qµ)
hypotheses are generated, using toy experiments
• For the purpose of limit setting the CLs(µ), defined as the p-value ratio
pµ/p0, are computed. The signal strength modifier µ is adjusted to find
the 95% confidence level
• Alternatively, for discovery purposes the p-value for the background
only hypothesis is quoted.
An example of the binned shapes given as input to fit is reported in figure
5.18. The signal is injected with a cross section of 10 fb.
Systematic Uncertainties
The systematic uncertainties taken into account in the likelihood fit are
listed below. The main uncertainty arises from the multi-jet background
normalization factor, computed fitting the pass-fail ratio in multiple mass
side-bands. The other systematic uncertainties considered in this analysis
mostly originate from the limited accuracy of the simulation, and affect only
the reconstructed signal. The main uncertainty is due to the double-b tagger
scale factor. Improvements are expected in this respect as the discriminator
is tested and refined.
Common systematics
Luminosity: An uncertainty of 2.7% [93] is applied.
H tagging uncertainty: An uncertainty of 10%, computed comparing
different MC generators, is associated with the way a Higgs boson is tagged.
It doesn’t include the τ21 SF uncertainty associated with the migration be-
tween bins, the b-tagging SF and the PU uncertainty [94].
Pileup: An uncertainty of about 0.04-0.4% is associated with pileup
impact on the pruned jet mass. It was estimated by varying the estimated
minimum bias cross section of pp collisions at 13 TeV (= 69 mb) by±5% [74].
PDF and scale hypotheses impact: The impact is estimated to be 2% in
the simulated samples used. This value is obtained from Ref. [95].
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Jet Energy-Momentum Scale: The jet energy scale for each jet is varied
within ±1σ based on pT and η of the jet [56], and the signal efficiency is
recomputed to account for its systematic variation.
Jet Energy Resolution: The jet energy resolution is smeared, by default,
according to the CMS standard jet corrections. It is further smeared by ±1σ
on the uncertainty of the jet energy resolution [56].
Double-b-tagging: SF for the double-b tagger has been computed in
an enriched gluon splitting to bb¯ data sample. The signal yields have been
accordingly estimated and the uncertainty is propagated into the analysis.
Details on the derivation of this SF are provided in Ref. [73]. The correspond-
ing uncertainty is of about 25-30%.
QCD multi-jet background: The main source of uncertainty for the QCD
multi-jet background is propagated directly from the error of the fit in mass
side-bands. This uncertainty is treated as a shape based uncertainty. It is fully
correlated between all bins of a particular estimate. We further account for
the statistical uncertainty in the anti-tag region which is propagated to the
signal region when the estimate is made. This uncertainty is small compared
to the fit uncertainty, but it is uncorrelated from bin to bin.
Boosted regime specific systematics
Trigger Efficiency: Uncertainties in modelling the trigger response are
important below 1.2 TeV where the triggers efficiency drops below 99%. The
trigger efficiencies varied within ±1σ of its measured uncertainty.
Jet mass scale: The jet mass scale for each jet is varied within ±1σ based
on pT and η of the jet, and the signal efficiency is recomputed to account for
its systematic variation [56].
τ21 scale factor: The signal yield is corrected by the SF as it has been
computed in reference. [95]: The scale factor for τ21 < 0.6 is 0.979±0.028
for each jet.
Semi-boosted regime specific systematics
Trigger Efficiency: The simulate trigger uncertainty is estimated looking
at the impact of the trigger uncertainty in the resolved analysis [82], where
the trigger uncertainty is found be of ∼10%. In this analysis the systematic
is inflated up to 15%, in order not to underestimate the OR uncertainty (see
Appendix A).
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b-tag: The cMVAv2 discriminator scale factor is varied within ±1σ and
the signal efficiency is recomputed to account for its systematic variation
[66]. The resulting uncertainty is of about 15-20%.
6
Results
The limit at 95% Confidence Level (CLs) for the production cross section of
σ(pp→ X → HH → bb¯bb¯) are given. The transition region expected limits are
evaluated independently and in combination with the boosted and resolved
analyses.
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6.1 Expected and observed Upper Limits
The expected limits are computed using the estimated background invariant
mass spectrum and the signal shapes.
They are extracted both in Monte Carlo and in data, while the selection
is still being tuned and the background estimate is validated. The final selec-
tion expected limits are reported in this chapter. They serve as a reference
mark for the expected sensitivity and will be used as reference also for the
combination of the analyses in the HH → bb¯bb¯ channel.
To extract the signal significance, the data distributions of the invariant
mass in the SR are unblinded. If no significant excess with respect to expected
is found an upper limit on the production cross section is set.
The final distribution for the boosted analysis is shown in figure 6.1 next
to the final pass-fail ratio fit yielding the estimated background distribution.
The data distribution for the semi-boosted analysis, together with the esti-
mated background (green) is shown in figure 6.2. In this case the expected
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background distribution was re-shaped fitting the pass-fail ratio in three large
invariant mass bins (figure 6.3).
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Figure 6.1: The fit to the transfer factor as function of jet mass and the invariant mass
distribution in data are shown. The error from the fit (in black) is correlated between all bins,
while the error from the statistical uncertainty of the anti-tag region (in blue) is not.
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Figure 6.2: The estimated background distribution for the transition region compared to the
SR invariant mass data distribution.
In both invariant mass spectra, no visible excess due to the presence of a
signal is visible. The upper limits on the production cross section are thus
calculated. A binned-likelihood fit is performed on the data mass spectrum,
given a simulated benchmark signal: the results are quantified through the
expected and observed 95% CLS [83] upper limits on the cross section.
Upper limits in both the semi-boosted and boosted regimes are provided
in figure 6.4 as a function of mass. The signal model is interpolated between
the existing simulated samples according to the mass resolution to compute
the observed limits (black dots). The green and yellow bands indicate the 1σ
and 2σ fluctuations of the expected limit. The numbers relative to each plot
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Figure 6.3: The fit to the transfer factor as a function of jet mass in invariant mass bins is
shown.
are reported in table 6.1 (boosted) and 6.2 (semi-boosted).
In the boosted analysis the expected upper limits calculated fitting the pass-
fail ratio in four invariant mass bins (in analogy with the semi-boosted
regime) are also provided. The limits are found to be within 1σ of the
unbinned fit expected limits, which confirms the low-pT dependency of the
pass-fail ratio in this case.
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(a) Boosted regime limit plot
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(b) Transition region limit plot
Figure 6.4: Observed (black line) and expected limits, with ±1 and ±2 σ bands. The Signal
shapes have been interpolated using the RooIntegralMorph class [90].
Finally, the observed (coloured lines) and expected (dotted lines) upper
limits are compared for the two regimes (figure 6.5). The Run 2 CMS resolved
analysis is also compared, as the transition region upper limits are computed
in each regime. Looking at the expected limits, a nice complementarity can
be observed: the semi-resolved analysis covers the sensitivity gap in the
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mX (GeV) obs. upper limit (fb) exp. upper limit (fb) -1σ (fb) +1σ (fb) mX -binned exp.
900 123.0 81.3 54.1 127.6 109.5
1000 44.7 61.4 41.5 94.4 65.9
1200 21.4 33.0 21.6 53.2 32.9
1400 15.2 22.0 14.0 36.3 22.1
1600 16.7 15.5 9.5 26.8 15.5
1800 18.1 10.7 6.0 20.0 10.4
2000 8.5 8.7 4.6 17.0 8.6
2500 9.1 10.7 5.9 20.6 10.8
3000 16.5 16.3 8.3 33.2 16.3
Table 6.1: Observed and expected upper limits at 95% CLs for the spin-2 KK-graviton in the
boosted regime. The expected limit standard deviation is also reported; the final distribution
used to derive these limits is reported in Appendix B.
mX (GeV) obs. upper limit (fb) exp. upper limit (fb) -1σ (fb) +1σ (fb)
600 582.3 509.3 791.4 339.9
650 396.7 264.2 406.3 180.1
700 186.8 149.3 231.9 100.8
750 114.5 121.6 187.0 82.8
800 122.9 111.1 166.5 78.4
900 55.1 73.9 114.9 49.4
1000 71.3 54.8 87.6 37.0
1200 47.1 43.4 70.7 28.4
1400 57.1 52.9 88.0 34.1
1600 80.5 76.8 126.3 49.1
1800 119.8 79.6 142.5 47.6
2000 122.6 160.7 272.1 100.4
Table 6.2: Observed and expected upper limits at 95% CLs for the spin-2 KK-graviton in the
semi-boosted regime. The expected limit standard deviation is also reported.
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transition region and is the most sensitive in the 800-1000 GeV mass range.
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Figure 6.5: The expected upper limit at 95% confidence level using 2.69 fb−1 of data for
spin-2 hypothesis. The limits are compared with resolved analysis expected and measured
limit. Note the x axis logarithmic scale.
6.2 Combined Result
The nice complementarity of the semi-boosted analysis to both the boosted
and and resolved analyses can be further exploited combining the three
channels. Usually the channel-combination features totally different final
states: a prime example of this kind of combination is the H → ττ+H → bb¯
analysis [96], which resulted in a strong evidence for the Higgs decaying to
fermions.
In our case the overlap between final states is not negligible, as the b-
quarks hadronization products can be included both in the jets collection and
in the fat jets collection, when the Higgs is moderately boosted. The possible
overlap has been taken care of implementing vetoes of the selections of both
the resolved and the boosted analyses for the semi-boosted regime.
The final combination exploits the resolved+semi-boosted regimes in
the mass range 600-900 GeV and the the boosted+semi-boosted regimes for
masses above 900 GeV. Figure 6.6 (left) shows the number of signal events
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falling into the other analyses among those passing the final semi-boosted
regime selection. The data in the Signal Region has shown a negligible
overlap with the background events of the other regimes instead.
Both the expected and the observed limits are extracted from the combi-
nation: the results are reported in figure 6.7 and in table 6.2. One can notice
a sizeable improvement in sensitivity compared to the boosted and resolved
analyses in the mass range 700-1000 GeV.
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Figure 6.6: Overlap of the semi-boosted analysis with the resolved and boosted regimes’
analyses. The plot is normalized to the total reconstruction efficiency of the signal in the semi-
boosted topology. Four categories are defined among the events passing the semi-boosted
regime selection: events also passing the resolved regime selection (red), events also passing
the boosted regime selection (green) and events passing both selections (brown).
The expected limit can be compared to the most recent ATLAS search
in the HH → bb¯bb¯ [97] performed at 13 TeV with 3.2 fb−1 of data. The
sensitivity is overall close, though the ATLAS search performs slightly better
in the resolved regime, while CMS is slightly more sensitive in boosted
regime.
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Figure 6.7: Combined upper limits at 95% CLS. The result is compared with the ATLAS
expected upper limits [97]
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mX (GeV) obs. limit (fb) exp (fb) -1σ (fb) +1σ (fb) resolved boosted
600 162.7 178.2 124.8 258.5 180.2 -
650 142.1 142.1 99.9 206.1 147.0 -
700 182.9 117.7 82.8 171.6 129.4 -
750 111.3 102.0 71.8 148.8 114.7 -
800 56.6 87.9 61.8 128.2 104 -
900 69.7 63.4 42.8 98.6 (87.4) 81.3
1000 41.0 52.3 35.5 80.1 (81.5) 61.4
1200 20.5 30.7 20.4 49.1 (94.2) 33.0
1400 14.0 21.0 13.6 34.6 - 22.0
1600 17.0 15.4 9.5 26.2 - 15.5
1800 20.6 10.2 5.8 18.9 - 10.7
2000 8.4 8.7 4.6 17.0 - 8.7
2500 9.2 11.0 6.0 21.0 - 10.7
3000 16.3 16.5 8.3 33.2 - 16.3
Table 6.3: Observed and expected upper limits at 95% CLs for the spin-2 KK-graviton for the
final combination. The expected limit can be compared to the stand-alone expected limits of
the resolved and boosted regimes. The numbers in brackets correspond to mass points not
used in the combination.
7
Conclusions
A search for narrow-width resonances between masses of 600 GeV and 3000
GeV decaying to pairs of Higgs bosons has been performed in the final state
with four bottom quarks using 2.7 fb−1 of proton-proton collisions data
collected at
√
s = 13 TeV. No statistically significant signal excess is observed.
Upper limits at 95% CLS on the production cross section for such a resonance
are set as a function of the resonance mass.
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7.1 Conclusions
A search for high mass resonances decaying Higgs boson pairs in the bb¯bb¯
final state has been presented. Two main kinematic regimes have been
explored: the boosted regime, where the b-pairs originated from the Higgs
decay are reconstructed as a single large jet, and the semi-boosted, where a
H-jet is matched to two unmerged b-jets.
No signal evidence has been found in either case. Upper limits on the produc-
tion cross section times the branching ratio at 95% CLS are thus computed.
The search results can be interpreted under several hypotheses in order to
exclude the explored phase-space regions.
A new discriminator, designed to tag boosted objects decaying to bb¯ pairs,
such as the Higgs boson or the Z0, has been probed for the first time at
analysis level. The performance looks promising, though a large systematic
uncertainty affects the Scale Factor. The background estimate has been man-
aged using a fully data-driven approach, the so-called Alphabet method. The
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method exploits multiple control regions, designed to be kinematically close
to the Signal Region, and takes care of the possible interdependence of the
variables used to define the control regions. The Alphabet method has been
tested and validated both in data and in simulation, in order to provide a
solid final result.
A semi-boosted analysis strategy, providing the best sensitivity in the
transition region between the boosted and the resolved regimes, is proposed
in this thesis. The strategy, as already mentioned, consists in matching one
large Higgs to jet to two resolved b-jets. The approach lacks a dedicated
trigger strategy and the background estimate can be further fine-tuned. Nev-
ertheless, the results look already quite promising.
The approach has been found to yield the best overall sensitivity for reso-
nance masses in the range 800-1000 GeV. The approach has been exploited in
combination with the resolved analysis for mass points in the range 600-800
and with the boosted analysis for masses in range the 900-2000 GeV. The
combination has been found to improve the sensitivity by ∼15-20% in the
mass interval 800-1000 GeV.
7.2 Outlook
The search presented in this thesis has been performed on a relatively small
amount of data (2.7 fb−1), compared to the expected amount of data at the
end of Run 2. 300 fb−1 of proton-proton collision data are expected to be
collected by the end of the LHC Run2, and about 20 fb−1 already in 2016.
To reach such a high figure, the instantaneous luminosities will ramp up
2 × 1034 cm−2s−1. The increased instantaneous poses new challenges, both
in maintaining an acceptable trigger rate and in mitigating the larger pile-up.
A dedicated trigger strategy becomes therefore necessary to address the
transition region, without losing potential signal efficiency. The uppermost
mass regime is relatively easy to trigger on as the lower event rate allows to
keep all the events above a given HT threshold. On the other hand, a multi-
b-jet-based trigger has been developed specifically for the resolved regime.
A transition region specific path could operate both on the HT and on the
online b-tag variables. The additional b-tag cut would allow to maintain a
high signal efficiency while keeping the trigger rate within budget. Moreover,
the dedicated trigger would allow to exploit a data-modelled trigger turn-on,
and to reduce systematic uncertainty.
As more data are collected, the double-b tagger discriminator is going to
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be tuned and improved, yielding a smaller systematic uncertainty as well.
Finally, the selection tuning to higher luminosities regimes will allow to
use tighter working points and to improve the S/B ratio.

A
Trigger Systematic Uncertainty
The trigger systematic uncertainty for the OR used in the semi-boosted
analysis has been set at 15%. The number has been defined taking into ac-
count the trigger systematic uncertainty measured for the combination of the
DoubleJet90_Double30_TripleCSV067 and Quad45_TripleCSV067 paths, which
is ∼10% [82]. The systematic uncertainty due to the PFHT800 path simula-
tion at the turn-on would be significantly larger (table A.1). However, the
prevalent path within the PFHT800 turn-on (up to mX = 1200 GeV) is still
the one used in the resolved analysis (figure A.1). The uncertainty has been
increased up to 15% taking into account the fraction of events falling into
the PFHT800 category only. The contribution of the events selected only in
the AK8DiPFJet250_200_TrimMass30_BTagCSV0p45 path is not considered
at this stage.
MX (GeV) 650 700 750 800 900 1000 1200 1400
Sim Eff.(%) 35.5 36.7 40.4 48.7 73.4 88.8 97.5 99.1
Data-Modeled Eff.(%) 28.1 28.5 30.5 36.3 55.7 77.2 94.0 97.6
Table A.1: PFHT800 simulated path compared with the data-modelled efficiency, estimated as
a function of HT . The efficiencies are compared at the semi-boosted preselection stage, i.e.
events containing at least a H-tagged fat jet.
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Figure A.1: Overlap of the trigger paths at the final stage of selection: the events
meeting the DoubleJet90_Double30_TripleCSV067 or Quad45_TripleCSV067 criteria (yel-
low) are singled out first, then the events recovered by PFHT800 (blue) and finally
byAK8DiPFJet250_200_TrimMass30_BTagCSV0p45 (red) are counted.
B
Invariant mass dependency
The data distribution for the boosted analysis, obtained fitting the pass-fail
ratio in large invariant mass bins is reported in figure B.1. The fits are
reported in figure B.2. This approach can be used as an alternative or as a
cross-check to the one presented in chapter 5.
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Figure B.1: The estimated background distribution for the invariant mass binned fit.
The QCD distribution for the boosted analysis, obtained fitting the pass-
fail invariant mass bins is reported in figure B.3. The fits are reported in
figures B.4, B.5. This cross-check was performed at a preliminary stage in
order to validate the Alphabet procedure. The double-b tagger cut was set at
0.4.
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(a) Fit in range 800-966 GeV
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(b) Fit in range 966-1080 GeV
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(c) Fit in range 1080-1400 GeV
 (GeV)
mass
(jet - Higgs)∆80− 60− 40− 20− 0 20 40 60 80
fa
ile
d
/N
pa
ss
ed
N
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
Invariant mass in range 1400-3019GeV
events used in fit
fit
fit errors
(d) Fit in range 1400-3019 GeV
Figure B.2: The fit to the transfer factor as function of jet mass in invariant mass bins is
shown.
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Figure B.3: Combine templates for the binned fit with the double-b tagger cut set at 0.4
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Figure B.4: Example of parabolic fits of the pass-fail ratio (used bin boundaries: [800, 838,
890, 944, 1000, 1058, 1118, 1181, 1246, 1313, 1383, 1455, 1530, 1607, 1687, 1770])
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Figure B.5: Example of parabolic fits of the pass-fail ratio (used bin boundaries: [ 1770,
1856, 1945, 2037, 2132, 2231, 2332, 2438, 2546, 2659, 2775, 2895, 3019, 3279, 3558])

C
Example Datacard
An example datacard given as input to calculate the binned likelihood func-
tion is reported in figure C.2. The fits to the data and the calculations are
performed using the statistical methodology developed at the LHC by the
ATLAS and CMS collaborations for the combination of Higgs search results
in different channels [84]. An example of shape systematic (the trigger
uncertainty) is reported in figure C.1.
The different components considered in the final fit are:
• the background shape
• the signal shape histogram
• the systematic uncertainties given as shapes (label shapeN2) or as
normalization factors (label lnN)
100 Example Datacard
 (GeV)Xm
800 900 1000 1100 1200 1300 14000
0.2
0.4
0.6
0.8
1
Signal_mX_1000_CMS_eff_trigUp
Entries  7326
Mean     1026
RMS     47.58
trig up
trig down
Figure C.1: Trigger shape uncertainty for mx=1000 GeV.
101
hh_mX_1400_13TeV.txt 1 / 1
max    1     number of categories
jmax   1     number of samples minus one
kmax    *     number of nuisance parameters
-------------------------------------------------------------------------------
shapes * * hh_mX_1400_13TeV.root hh/$PROCESS hh/$PROCESS_$SYSTEMATIC
-------------------------------------------------------------------------------
bin                                            hh4b
observation                                    85.000000
-------------------------------------------------------------------------------
bin                                             hh4b            hh4b
process                                          0      1
process                                         Signal_mX_1400  EST
rate                                            3.216269  80.226639
-------------------------------------------------------------------------------
lumi_13TeV lnN                          1.027       -
CMS_eﬀ_tau21_sf lnN                    1.057       -
CMS_pileup lnN                    1.000807       -
CMS_eﬀ_Htag_sf lnN                    1.1       -
CMS_JEC lnN                      1.003252        -
CMS_massJEC lnN                 1.024620        -
CMS_eﬀ_bbtag_sf lnN                    1.287048       -
CMS_JER lnN                    1.000366        -
CMS_eﬀ_trig lnN           1.000080   -
CMS_scale_13TeV shapeN2                           -       1.000
CMS_PDF_Scales lnN   1.02 -       
CMS_stat_13TeV_bin0 shapeN2                           -       1.000
CMS_stat_13TeV_bin1 shapeN2                           -       1.000
CMS_stat_13TeV_bin2 shapeN2                           -       1.000
CMS_stat_13TeV_bin3 shapeN2                           -       1.000
CMS_stat_13TeV_bin4 shapeN2                           -       1.000
CMS_stat_13TeV_bin5 shapeN2                           -       1.000
CMS_stat_13TeV_bin6 shapeN2                           -       1.000
CMS_stat_13TeV_bin7 shapeN2                           -       1.000
CMS_stat_13TeV_bin8 shapeN2                           -       1.000
CMS_stat_13TeV_bin9 shapeN2                           -       1.000
CMS_stat_13TeV_bin10 shapeN2                           -       1.000
CMS_stat_13TeV_bin11 shapeN2                           -       1.000
CMS_stat_13TeV_bin12 shapeN2                           -       1.000
CMS_stat_13TeV_bin13 shapeN2                           -       1.000
CMS_stat_13TeV_bin14 shapeN2                           -       1.000
CMS_stat_13TeV_bin15 shapeN2                           -       1.000
CMS_stat_13TeV_bin16 shapeN2                           -       1.000
CMS_stat_13TeV_bin17 shapeN2                           -       1.000
CMS_stat_13TeV_bin18 shapeN2                           -       1.000
CMS_stat_13TeV_bin19 shapeN2                           -       1.000
CMS_stat_13TeV_bin20 shapeN2                           -       1.000
CMS_stat_13TeV_bin21 shapeN2                           -       1.000
CMS_stat_13TeV_bin22 shapeN2                           -       1.000
CMS_stat_13TeV_bin23 shapeN2                           -       1.000
CMS_stat_13TeV_bin24 shapeN2                           -       1.000
CMS_stat_13TeV_bin25 shapeN2                           -       1.000
CMS_stat_13TeV_bin26 shapeN2                           -       1.000
Figure C.2: An example datacard used for the final binned likelihood fit is reported. Beside
the integrals of the signal and background histograms, one can observe the labels lnN
(normalization systematics) and shapeN2 (shape systematics).
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